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ABSTRACT 

This document summarizes conceptual  des ign  s t u d i e s  of tandem-rotor 
h e l i c o p t e r  and t i l t - r o t o r  a i r c r a f t  f o r  a s h o r t  haul  t r a n s p o r t  m i s -  
s i o n  i n  t h e  1985 t i m e  frame. V e r t i c a l  takeoff  designs of both 
conf igura t ions  are discussed,  and t h e  impact of e x t e r n a l  no i se  
cri teria on t h e  veh ic l e  designs,  performance, and c o s t s  a r e  shown, 
A STOL des ign  f o r  t h e  t i l t - r o t o r  conf igu ra t ion  is  repor ted ,  and 
t h e  e f f e c t  of removing t h e  v e r t i c a l  takeoff  des ign  c o n s t r a i n t s  on 
t h e  design parameters,  f u e l  economy, and ope ra t ing  c o s t  i s  d i s -  
cussed. 
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CONCEPTUAL ENGINEERING DESIGN STUDIES 
OF 1985-ERA COMNERCIAL VTOL AND STOL 

TWJSPORTS THAT UTILIZE ROTORS 

By J. P. Magee, R. D. Clark, and C. A. Widdison 
Boeing Vert01 Company 

1. SUMMARY 

A conceptual engineering design study has been made to define 
three aircraft configurations for the short-haul commercial market 
of the mid 1980's. The vehicle types considered were a tandem- 
rotor helicopter, a VTOL tilt-rotor aircraft, and a STOL tilt- 
rotor aircraft. In addition to the baseline designs, two deriva- 
tive aircraft have been defined for the tandem-rotor helicopter 
and the VTOL tilt-rotor configurations to examine the impact of 
external noise criteria on aircraft size, weight, performance, and 
costs. 

A, synopsis of the characteristics of the aircraft is shown in 
Table 1. All of these vehicles are potential contenders for the 
short-haul commercial market. The following specific conclusions 
may be drawn from comparisons cf the design, performance, and 
economics data: 

0 The tandem-rotor helicopter is the lightest configuration 
and has the lowest acquisition cost of those studied. The 
VTOL tilt-rotor is the heaviest vehicle and consequently 
has the highest acquisition cost. 

The VTOL tilt-rotor cruise speed is twice that of the 
tandem-rotor helicopter which results in a 32-percent lower 
direct operating cost and an 47.4-percent higher produc- 
tivity ratio. 

The VTOL tilt-rotor fuel economy results in a fuel usage of 
20.19 passenger kilometers per kilogram (47.5 passenger 
miles per gallon), as compared with 12.24 passenger kilo- 
meters per kilogram (28.8 passenger miles per gallon) for 
the tandern-rctor helicopter. 

The tandem-rotor helicopter noise level is 6 PNdB lower 
than the tilt-rotor at a 500-foot sideline distance in 
hover. However, the helicopter affects a noise pollution 
area of 1.385 square kilometers (0.535 square miles) on 
landing, as compared with 0.39 square kilometers (0.15 
square miles) for the VTOL tilt-rotor and 0.362 square 
kilometers (0.14 square miles) for the STOL tilt-rotor 
aircraft. 



TABLE I 
SUMMARY OF AIRCRAFT DESIGNS 

' 

Baseline +5 PNdB -5 PNdB Baseline +5 PNdB -5 PNdB Baseline 
Tandem-Rotor Tandem-Rotor Tandem-Rotor VTOL Tilt- VTOL Tilt- VTOL Tilt- STOL Ttlt- 
Helicopter Helicopter Helicopter Rotor Rotor Rotor Rotor 

Direct operating cost 
centheat-mi 

500-ft Sideline perceived 
noise, PNdB 

95 PNdB area, takeoff, 
sq km (sq mi) 

95 PNdB area, landing, 
sq km (sq mi) 

Block fuel, kg (Ib) 

Rotor diameter, m ( f t )  

Disc loading, 
kg/rn2 (Ib/ft2) 

Wing loading, 
kg/rn2 (Ib/ft2) 

Hover tipspeed. 
m/sec (ft/sec) 

Cruise tipspeed, 
m/sec (ft/s:c) 

Installed power, 
watts (shp) 

30 470 
(67 175) 

18 226 
(40 181) 

165 

1524 
(5 000) 

1.337 

3.2 1 

92.3 

0.18 
(0 07) 

1 39 
(0.535) 

2 310 
(5 093) 

21 (68.9) 

43.94 
(9.0) 

- 

221 (725) 

221 (725) 

1 0 . 7 9 ~ 1 0 ~  
(14 472) 

29 866 
(65 843) 

17 305 
(38 152) 

141 

1524 
(5 000) 

1.53 

3.50 

97.2 

0.49 
(0 19) 

(0.88) 
2 28 

2 536 
(5 590) 

20.8(68.2) 

(9.0) 
43.94 

- 

247(810) 

247(810) 

10.27~ 1 O6 
(13 770) 

33 669 
(74 227) 

21 107 
(46 533) 

181 

1524 
(5 000) 

1.24 

3.34 

87.1 

0.03 
(0.01) 

.76 
(0.295) 

2 541 
(5 603) 

22.1 (72.5) 

(9.0) 
43.94 

- 

195(640) 

195(640) 

12.88~ 1 O6 
(17277) 

33 905 
(74 749) 

22 710 
(50 068) 

349 

4 267 
(14 000) 

0.742 

2 19 

98.2 

0.23 
(0.09) 

(0.15) 

1431 
(3 157) 

17.16(56.3) 

(15) 

.39 

73.2 

488(100) 

236(775) 

165(543) 

12.36~1 O6 
(16 480) 

33 21 1 
(73 21 7) 

22 116 
(48 757) 

340 

4 267 
(14 000) 

0.76 

2.20 

103.2 

0.40 
(0.19) 

(0.29) 
.75 

1 403 
(3 094) 

17.0(55.7) 

(15) 
73.2 

488 ( 100) 

279(915) 

195(641) 

1 1 .98x106 
(16 072) 

36 143 
(99 682) 

24 820 
(54 7 18) 

355 

4 267 
(14 000) 

0.73 

2.36 

93.4 

0.08 
(0.03) 

.18 
(0.07) 

1618 
(3 567) 

17.74(58.2) 

115) 
73.2 

488( 1 00) 

195(640) 

137(448) 

14.52~ 1 O6 
(19 476) 

31 068 
(68 493) 

20 422 
(45 023) 

310 

4 267 
114 000) 

0.82 

2.09 

101.3 

0.30 
(0.1 15) 

0.36 
(0.14) 

1085 
(2 392) 

13.53 (44.4 

108 
(22.1) 

488 (1 00) 

244(800) 

171 (560) 

8.3 lx 1 O6 
(11 144) 
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The e f f e c t  of more r e s t r i c t i v e  e x t e r n a l  no ise  c r i te r ia  is 
an e s c a l a t i o n  of t h e  veh ic l e  g ross  weight f o r  both t h e  
h e l i c o p t e r  and t i l t - ro to r  conf igura t ions .  D i r e c t  operat-  
ing  c o s t s  increase  as e x t e r n a l  no ise  i s  e i t h e r  increased 
or  decreased. 

Designing t h e  t i l t - r o t o r  a i r c r a f t  f o r  2000-foot-field- 
length  STOL opera t ion  r e s u l t s  i n  a 32-percent saving i n  
mission f u e l ,  g iv ing  26.56 passenger ki lometers  pe r  k i lo -  
gram (62.5 passenger m i l e s  per ga l lon )  a t  t h e  design range, 

The STOL t i l t - ro to r  a i r c r a f t  is s l i g h t l y  h igher  i n  produc- 
t i v i t y ,  l o w e r  i n  d i r e c t  opera t ing  cost, and s l o w e r  i n  speed 
than t h e  VTOL t i l t - r o t o r  a i r c r a f t .  

No t echnologica l  c o n s t r a i n t  has  been i d e n t i f i e d  which 
l i m i t s  v e h i c l e  s i z e  (up t o  1 0 0  passengers) f o r  any of t h e  
conf igura t ions .  The preponderance of  experience f o r  t h e  
tandern-rotor h e l i c o p t e r  reduces t h e  p o t e n t i a l  developmental 
r i s k s .  The t i l t - r o t o r  veh ic l e s  would r equ i r e  a longer-lead 
component development program approach. 

2. INTRODUCTION 

The r i s i n g  c o s t s  and diminishing a v a i l a b i l i t y  of f o s s i l  f u e l s ,  t h e  
increas ing  congestion a t  major a i r p o r t s ,  and t h e  growing need to  
reduce noise  and a i r  p o l l u t i o n  are s t rong  motives f o r  eva lua t ing  
the  rotary-wing veh ic l e  f o r  t h e  short-haul a i r  t r a v e l  market. 

The l o w  d i s c  loading of t h e  tandem-rotor h e l i c o p t e r  and t i l t - r o t o r  
conf igura t ions  a l l o w  v e r t i c a l  o r  STOL takeoff  and landing opera- 
t i o n  for  a r e l a t i v e l y  modest i n s t a l l e d  horsepower, Improved f u e l  
consumption and a i r  p o l l u t i o n  are d i r e c t  r e s u l t s  of decreased 
p o w e r .  The c a p a b i l i t y  t o  ope ra t e  i n  a VTOL o r  STOL mode provides  
the  f l e x i b i l i t y  of usage necessary t o  a l l e v i a t e  t h e  a i r  t r a f f i c  
congestion and passenger congestion a t  t h e  c u r r e n t  a i r p o r t  
terminals .  

The purpose of t h i s  s tudy w a s  t o  develop conceptual designs of 
VSTOL t r a n s p o r t s  optimized f o r  minimum d i r e c t  ope ra t ing  cost a t  a 

, 200-nautical-mile s t a g e  length  and t o  assess the  e f f e c t  of ex ter -  
n a l  no ise  cr i ter ia  on the  v e h i c l e  design parameters,  performance, 
and opera t ing  economics wi th in  c o n s t r a i n t s  imposed by s t r u c t u r a l  
i n t e g r i t y ,  f l y i n g  q u a l i t i e s ,  and r i d e  q u a l i t i e s  cr i ter ia .  

The design s t u d i e s  summarized i n  t h i s  document w e r e  performed 
under NASA Contract  NAS2-8048. Three rotary-wing conf igura t ions  
have been considered, t h e  tandem-rotor h e l i c o p t e r ,  t h e  VTOL tilt- 
r o t o r  a i r c r a f t ,  and a STOL t i l t - r o t o r  conf igura t ion .  
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The VTOL a i r c r a f t  have been designed f o r  a 100-passenger load over 
a design range of 200 n a u t i c a l  m i l e s  and t h e  performance, c o s t s ,  
f l y i n g  q u a l i t i e s  and noise  levels of t h e  veh ic l e s  computed. For 
each conf igura t ion ,  two a d d i t i o n a l  a i r c r a f t  have been considered, 
one 5 PPJdB less noisy and one 5 PlJdB m o r e  noisy. These design 
da ta  provide a means of a s ses s ing  t h e  impact of e x t e r n a l  no ise  
c r i te r ia  i n  t e r m s  of c o s t  and performance. 

I n  add i t ion  t o  t h e  VTOL designs,  a t i l t - r o t o r  veh ic l e  w a s  designed 
t o  t h e  same payload and range s p e c i f i c a l l y  f o r  STOL operat ion.  
The removal of t h e  design c o n s t r a i n t s  a s soc ia t ed  with VTOL opera- 
t i o n  al low a reduced i n s t a l l e d  horsepower and r e s u l t i n g  improved 
f u e l  consumption. 

The r e s u l t s  of these  s t u d i e s  are summarized i n  t h i s  repor t .  The 
d e t a i l e d  s tudy r e s u l t s  are repor ted  i n  References 1, 2,  and 3 .  

3. CONFIGURATIONS 

Three conf igura t ions  w e r e  optimized f o r  t h e  short-haul  mission 
370 ki lometers  ( 2 0 0  n a u t i c a l  m i l e s )  a tandem-rotor h e l i c o p t e r ,  a 
VTOL t i l t - r o t o r  a i r c r a f t  and a STOL t i l t - r o t o r  a i r c r a f t .  The op- 
t imiza t ion  process  used computer techniques t o  assess t h e  impact 
of t h e  major design parameters on veh ic l e  s i z e ,  performance, 
d i r e c t  opera t ing  costs, and ex te rna l  no ise  s igna tu res .  The t r end  
s t u d i e s  which show the  r e s u l t s  of t he  parametr ic  design a c t i v i t y  
are repor ted  i n  References 2 and 3 .  I n  t h e  VTOL veh ic l e  s tudy,  
s i x  a i r c r a f t  w e r e  def ined,  a base l ine  tandem-rotor h e l i c o p t e r  and 
a t i l t - r o t o r  a i r c r a f t ,  and i n  add i t ion ,  two d e r i v a t i v e s  of each 
base l ine  conf igura t ion .  The d e r i v a t i v e  a i r c r a f t  w e r e  designed t o  
show the  impact of e x t e r n a l  no ise  cr i ter ia .  For each configura- 
t i o n ,  one d e r i v a t i v e  a i r c r a f t  was designed t o  be 5 P€JdB more noisy 
and one 5 PMdB less noisy.  The STOL t i l t - r o t o r  was a d e r i v a t i v e  
of t h e  base l ine  VTOL t i l t - r o t o r  modified f o r  a 609.6-meter  (2000-  
f o o t )  f i e l d  length  takeoff  and landing,  which allowed t h e  reduc- 
t i o n  of i n s t a l l e d  horsepower. Each conf igura t ion  i s  descr ibed i n  
t h i s  s ec t ion .  

3 .1  TANDEM-ROTOR HELICOPTER DESIGNS 

The tandem-rotor h e l i c o p t e r  conf igura t ion  w a s  s e l e c t e d  f o r  t h i s  
s tudy over o t h e r  pure h e l i c o p t e r  types because of t h e  inhe ren t ly  
l o w e r  r i s k  of l a r g e  h e l i c o p t e r  development f o r  t h i s  type. The 
primary r i s k s  i n  the  development of these  a i r c r a f t  are r e l a t e d  t o  
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rotor s i z e  and t ransmission and r o t o r  gearbox torque c a p a b i l i t y .  
The ind iv idua l  components are genera l ly  s m a l l e r  and m o r e  w i th in  
t h e  manufacturing s ta te  of the a r t  f o r  a tandem design than f o r  a 
s ing le- ro tor  machine. Other advantages of t h e  tandem configura- 
t i o n  inc lude  ease of handling l a r g e  center-of-gravi ty  excursions 
and the  a b i l i t y  to  locate t h e  engines away from t h e  passenger 
cabin.  This la t ter  cons idera t ion  keeps engine noise ,  fumes, and 
carbon depos i t ion  away from passenger areas. I n  add i t ion ,  Boeing 
experience with tandem-rotor h e l i c o p t e r s  ranging i n  s i z e  from 2268 
t o  54 431 kilograms (5000 t o  1 2 0  000 pounds) gross weights pro- 
v ides  a high degree of confidence i n  p red ic t ion  and design 
techniques.  

The t h r e e  tandem-rotor h e l i c o p t e r  designs repor ted  include t h e  
base l ine ,  o r  optimized v e h i c l e  design, as  w e l l  as t w o  d e r i v a t i v e  
a i r c r a f t  whose 152.4-meter (500-foot) s i d e l i n e  perceived noise  
l e v e l s  are 25 PNdB from t h e  base l ine  case. Their genera l  charac- 
teristics a r e  given i n  Table 11. 

Design Poin t  Tandem-Rotor Hel icopter  

The tandem-rotor design p o i n t  a i r c r a f t  is shown i n  Figure 1. The 
major a i r c r a f t  dimensions and p e r t i n e n t  da t a  are shown i n  Table I1 
and compared with the  noise  d e r i v a t i v e  veh ic l e s .  A threeview is 
shown i n  Figure 2. 

The design po in t  tandem-rotor vehic le  has a 30 470-kilogram 
167 175-pound) design takeoff  gross  weight and t h e  i n s t a l l e d  power 
is 3 . 5 9 7 ~ 1 0 ~  w a t t s  ( 1 4  472 shp) a t  sea l e v e l ,  s tandard  day. The 
two 2 1 - m e t e r  (68.9-foot) r o t o r s  are four-bladed a r t i c u l a t e d  r o t o r s  
with a s o l i d i t y  r a t i o  of 0 .099 .  The s e l e c t i o n  of r o t o r  s o l i d i t y  
w a s  made t o  provide freedom from s t a l l  f l u t t e r  loads over t h e  en- 
t i r e  maneuver envelope. The r o t o r  over lap  has been he ld  t o  zero 
t o  e l imina te  r o t o r  ''bang" due t o  one r o t o r  c u t t i n g  t h e  t r a i l e d  
v o r t i c e s  of t h e  o the r ,  and a lso t o  e l imina te  t h e  p o s s i b i l i t y  of  
blade c o l l i s i o n  i n  t h e  event  of a desynchronization f a i l u r e .  

Both r o t o r  s h a f t s  are swept forward (7 '  f o r  t he  forward r o t o r  and 
4 O  f o r  the  a f t  r o t o r ) .  This minimizes t h e  r o t o r  loads  and cabin  
a t t i t u d e  range during hover and c r u i s e  f l i g h t .  The pylon he ights  
are arranged t o  provide a gap-to-stagger r a t i o  of 0.145. This 
c learance  is requi red  to  keep noise ,  r o t o r  loads,  and induced 
power l o s s e s  a t  a minimum. 

The a i r c r a f t  has  t h r e e  engines  loca ted  a f t ,  one on each s i d e  of  
t h e  rear r o t o r  pylon and t h e  t h i r d  bur ied  i n  t h e  pylon i t s e l f .  

The t ransmission layout  is a three-gearbox arrangement where t h e  
t h r e e  engines d r i v e s  i n t o  a combiner gearbox loca ted  a f t  and above 
t h e  passenger cabin.  
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TABLE II 
COMPARISON OF TANDEM-ROTOR HELICOPTER AIRCRAFT 

I 
Design Point +5 PNdB Tandem- -5 PNdB Tandem 
Tandem-Rotor Rotor Helicopter Rotor Helicopter 
Helicopter 

30 470 (67 175) 29 866 (65 843) 33 669 (74 227) 
18 226 (40 181) 17 305 (38 152) 21 107 (46 533) 

1 524 ( 5 000) 1 524 (5 000) 1 524 (5 000) 

Gross weight, kg (Ib) 
Empty weight, kg (Ib) 
Cruise speed, KTAS 165 141 181 
Cruise altitude, m (ft) 
Block time, hr 1.337 1.53 1.24 
Direct operating cost at 200 nmi (3500 hr 

500-ft Sideline perceived noise, PNdB 92.3 97.2 87.1 
95 PNdB Takeoff area, sq km (sq mi) 0.18 (0.07) 0.49 (0.19) 0.03 (0.01) 
95 PNdB Landing Area, sq km (sq mi) 1.39 (0.535) 2.28 (0.880) 0.76 (0.295) 
Block fuel, kg (Ib) 2 310 (5 093) 2 541 (5 603) 
Rotor diameter, m (ft) 21 (68.9) 20.8 (68.2) 22.1 (72.5) 

utilization/$90/lb) centsheat-mi 3.21 3.50 3.34 

2 536 (5 590) 

Disc loading, kg/m2 (IbAt’) 43.94 (9.0) 43.94 (9.0) 43.94 (9.0) 
Wing loading, kg/m2 (lb/ft2) - - - 
Hover tipspeed, m/sec (ft/sec) 221 (725) 247 (810) 195 (640) 
Cruise tipspeed, m/sec (ft/sec) 221 (725) 247 (810) 195 (640) 
Installed power a t  sea level, standard day, 

watts (shp) 1 0 . 7 9 ~ 1 0 ~  (14 472) 1 0 . 2 6 9 ~ 1 0 ~  (13 770) 1 2 . 8 8 2 ~ 1 0 ~  (17 277) 
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Power is t ransmi t ted  to  t h e  a f t  r o t o r  by s h a f t i n g  i n  t h e  rear 
pylon which drives t h e  a f t  rotor t ransmission,  and to t h e  forward 
rotor by s h a f t i n g  along a fuse lage  tunnel  to  t h e  forward rotor 
t ransmission loca ted  forward of t h e  passenger cabin. The auxi l -  
i a r y  power u n i t  (APU) i s  loca ted  i n  t h e  a f t  fuse lage  compartment 
i n  c l o s e  proximity t o  t h e  engines.  

This arrangement has  been s e l e c t e d  t o  minimize complexity, cost, 
weight, and performance losses, as w e l l  as t h e  e f f e c t s  of engine 
and t ransmission noise  and v i b r a t i o n  i n  t h e  passenger cabin.  

The f u e l  tanks are loca ted  under t h e  rear cabin f loor  as shown i n  
Figure 2. These tanks are crashworthy tanks s i m i l a r  t o  those  
b u i l t  and t e s t e d  by t h e  Boeing V e r t o l  Company for  CH-46/47 appl i -  
ca t ions .  The design provides  adequate tank s t r e n g t h  t o  ensure 
t h a t  no rup tu re  w i l l  occur  i n  t h e  event  of a 95th-percent i le  
c rash .  The system i s  designed for  pressure  r e f u e l i n g  (300 gpm) 
wi th  c ross feed  valving,  a f u e l  pump i n  each tank,  and wi th  f u e l  
pump valves  and l i n e s  routed  away from the  landing gear .  The dua l  
bleed condi t ioning system is loca ted  i n  t h e  a f t  fuse lage  compart- 
ment ad jacen t  t o  t h e  A P U  and engine bays. 

The landing gear  is a r e t r a c t a b l e  t r i c y c l e  layout  providing ex- 
c e l l e n t  ground handling c h a r a c t e r i s t i c s  and minimum drag. The 
system is designed f o r  a 152.4-m/sec (500-fpm) landing rate of 
s ink.  The design provides  an over turn ing  angle  of 2 7 O  and ade- 
qua te  fuse lage  c learance  f o r  f l a r e d  landings.  

Cabin layout  and passenger accommodation d e t a i l s  are shown i n  
Figures  2 and 3. The a i r c r a f t  cabin has two main en t rances  lo- 
ca ted  on t h e  p o r t  s i d e  of the  a i r c r a f t .  The a f t  en t rance  i s  
equipped with an a i r s ta i r  i n  accordance wi th  t h e  study guide l ines .  
The rear entrance is t h e  normal en t rance ,  and t h e  e x i t  is loca ted  
ad jacent  t o  t h e  stowed baggage compartment i n  t h e  rear of t h e  a i r -  
craf t .  A t h i r d  en t rance  is loca ted  on t h e  s t a rboa rd  s i d e  of t h e  
cabin,  forward, ad jacen t  t o  t h e  service f a c i l i t i e s ;  it serves t h e  
dua l  r o l e  as a se rv ice  entrance,  and an emergency e x i t .  Another 
Type I e x i t  is loca ted  a f t  d i r e c t l y  oppos i te  t h e  main en t rance ;  it 
also serves  a dua l  role  i n  t h a t  it can be used to  load baggage by 
ground c r e w  and also provides  an emergency ex i t .  This a d d i t i o n a l  
access provides t h e  operator with f l e x i b i l i t y  i n  baggage handling 
procedures. I n  add i t ion  t o  these ,  t w o  Type I1 emergency e x i t s  are 
loca ted  amidships, one on each s ide .  The l o c a t i o n  of  t h e s e  e x i t s  
causes  t h e  p i t c h  between t h e  n i n t h  and t e n t h  r o w s  of seats t o  be  
increased  t o  1.143 m e t e r s  (45 inches)  t o  a l l o w  a 0.508-meter (20- 
inch)  w i d e  access to  t h e  e x i t .  S ix  Type I V  e x i t s  are provided i n  
t h e  cabin roof. 

The passenger cabin  has  seats f o r  100  passengers with an o v e r a l l  
seat width of 0.5334 m e t e r  ( 2 1  inches)  and a seat p i t c h  of 0.8636 
m e t e r  (34 inches ) .  Each passenger has underseat  stowage space 
measuring 0 . 2 3 ~ 0 . 4 1 ~ 0 . 5 8  m e t e r s  ( 9x16~23  inches)  and overhead rack  
stowage wi th  lockable  doors. A i r  ven ts ,  i nd iv idua l  l i g h t s ,  and a 
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fo ld ing  t a b l e  are provided f o r  each passenger i n  accordance with 
normal commercial a i rc raf t  p r a c t i c e .  

The cabin has dual  0.4826-meter (19-inch) a i s l e s ,  and t h e  main 
cabin l i g h t s  are loca ted  over  t he  aisles.  Two coatracks are pro- 
vided, one forward and one a f t ,  wi th  provis ions  for 80 passengers.  
Two l a v a t o r i e s  are loca ted  i n  t h e  forward end of t h e  cabin,  I n  
t h e  cen te r  of t he  forward cabin is t h e  beverage s to rage  and ser- 
v i c e  counter  space,  which a l s o  incorpora tes  t i c k e t i n g  f a c i l i t i e s .  
There are t w o  cabin-at tendant  seats. One i s  loca ted  forward 
a g a i n s t  t h e  forward passenger cabin bulkhead and close to  t h e  f o r -  
ward e x i t s .  The second is a f t  a g a i n s t  t h e  baggage hold bulkhead 
and c l o s e  to  t h e  rear Type I e x i t s .  

The a i r c r a f t  av ion ic s  and naviga t iona l  gear  compartment i s  on t h e  
p o r t  s i d e  of t h e  a i r c r a f t  j u s t  forward of t h e  cockpi t /cabin bulk- 
head. The cockpi t  space provides  adequate accommodation f o r  a 
f l i g h t  c r e w  of t w o  with e x c e l l e n t  v i s i b i l i t y .  A t h i r d  observer  
seat is  provided ad jacen t  t o  the  av ionics  compartment a t  t h e  rear 
of t he  cockpi t .  This l o c a t i o n  provides  t h e  observer  good forward 
v i s ion ,  v i s i b i l i t y  over t h e  f l i g h t  c r e w  s t a t i o n s ,  and a l s o  access 
t o  t h e  avionics/navigation-aids compartment, i f  required.  The 
cockpi t  i s  provided with two c r e w  emergency ex i t s ,  one on each 
s i d e  of t h e  cockpi t .  

+5 PNdB Tandem-Rotor Hel icopter  Configuration and Layout 

The c h a r a c t e r i s t i c s  of t h e  +5 PNdB tandem-rotor h e l i c o p t e r  design 
a r e  given i n  Table 11. 

The primary changes i n  t h e  conf igura t ion  f o r  t he  +5 PlJdB a i r c r a f t  
r e s u l t  from an inc rease  i n  r o t o r  t ipspeed  t o  247 m / s e c  (810 f p s )  
and a decrease i n  r o t o r  s o l i d i t y  t o  0.07.  The a i r c r a f t  g ros s  
weight reduced to  29 866  kilograms (65 843 pounds) and the  r o t o r  
diameter is  reduced t o  20.8 m e t e r s  (68 f e e t  2 i n c h e s ) .  The pylon 
sweep is  d i c t a t e d  by t h e  dec i s ion  t o  have zero r o t o r  blade over- 
lap.  With a s m a l l e r  rotor diameter,  less a f t  pylon sweep is  re- 
qui red  than f o r  t h e  base l ine  a i r c r a f t ,  and t h i s  r e s u l t s  i n  a 
22.8-centimeter (9-inch) reduct ion i n  o v e r a l l  length.  

The cabin and cockpi t  l ayout  is exac t ly  t h e  s a m e  as the  design 
po in t  a i r c r a f t  and m e e t s  t h e  same requirements f o r  1 0 0  passengers.  
The design d i f f e r e n c e s  are i n  t h e  r o t o r  and i n s t a l l e d  power and 
t ransmissions.  The i n s t a l l e d  power decreased to  3 . 4 2 3 ~ 1 0 ~  w a t t s  
(4590 shp) f o r  each of t h e  t h r e e  engines.  

The s o l i d i t y  of 0 .07  s t i l l  m e e t s  t h e  c r i t e r i o n  of 1.25g maneuver 
c a p a b i l i t y  with no s t a l l  f l u t t e r  which w a s  s e l e c t e d  f o r  t h e  b a s i c  
a i r c r a f t .  The reduct ion i n  s o l i d i t y  i s  poss ib l e  because of t h e  
higher  t ipspeed.  
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-5 PNdB Tandem-Rotor Hel icopter  Configuration and Layout 

The -5 PfJdB tandem-rotor h e l i c o p t e r  design a l s o  has t h e  s a m e  fuse- 
lage,  cabin,  and cockpi t  arrangement as t h e  base l ine  h e l i c o p t e r .  
The major d i f f e r e n c e s  i n  t h i s  case are i n  the  rotor and d r i v e  sys- 
t e m  which r e s u l t  from reduced r o t o r  t ipspeed  and increased  so l id -  
i t y  requi red  t o  reduce t h e  e x t e r n a l  no i se  by 5 PNdB. The major 
c h a r a c t e r i s t i c s  of t h i s  a i r c r a f t  are also shown i n  Table 11. 

The r o t o r  t ipspeed  is  reduced to  195 m / s e c  (640  f p s )  r equ i r ing  an 
increased r o t o r  s o l i d i t y  t o  maintain 1.25g maneuver c a p a b i l i t y  i n  
c r u i s e .  The a s soc ia t ed  inc rease  i n  a i r c r a f t  weight requi red  an 
inc rease  i n  r o t o r  diameter t o  2 2 . 1  m e t e r s  (72.5 f e e t )  t o  maintain 
the  design d i s c  loading of 43.94 kg/m2 ( 9  l b / f t 2 ) .  

The d r i v e  system conf igura t ion  is t h e  same as f o r  t h e  base l ine  
a i r c r a f t  except t h a t  t h e  power and torques requi red  are increased.  
The i n s t a l l e d  maximum power p e r  engine has increased to  4 . 2 9 4 ~ 1 0 ~  
,watts (5759 shp) . 
The o v e r a l l  l ength  of t he  a i r c r a f t  is  increased because, t o  main- 
t a i n  zero over lap  with t h e  increased r o t o r  diameter,  t he  a f t  pylon 
is  swept more than t h a t  of t h e  base l ine  a i r c r a f t .  

3 .2  VTOL TILT-ROTOR AIRCRAFT DESIGNS 

The t i l t - r o t o r  concept is  unique i n  t h a t  it combines t h e  hover and 
low-speed e f f i c i e n c y  and a g i l i t y  of t h e  h e l i c o p t e r  with t h e  c r u i s e  
advantages of a conventional turboprop t r anspor t .  

The low-disc-loading r o t o r s  are mounted a t  t he  wingt ips  and pro- 
v ide  e s s e n t i a l l y  a l a t e ra l - tw in  conf igura t ion  i n  hover. The 
prop/ ro tors  tilt to  provide ver t ical  l i f t  i n  hover and t r a n s i t i o n  
to  c r u i s e  f l i g h t .  I n  c r u i s e  t h e  prop/rotor  propuls ive  e f f i c i e n c y  
is high, and t h i s  coupled wi th  t h e  high l i f t - t o - d r a g  r a t i o s  typ i -  
cal  of wingborne a i r c r a f t  provide an e f f i c i e n t  c r u i s i n g  v e h i c l e ,  

Design Poin t  T i l t - R o t o r  Configuration and Layout 

The des ign  p o i n t  t i l t - ro to r  a i r c r a f t  i s  shown i n  Figure 4 ,  and a 
threeview of t h e  veh ic l e  is  given i n  Figure 5. Table I11 is a 
l i s t  of t h e  major a i r c ra f t  dimensions and c h a r a c t e r i s t i c s .  

This a i r c r a f t  has  a takeoff  gross  weight of 33 905 kilograms 
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TABLE I l l  
COMPARISON OF VTOL TILT-ROTOR AIRCRAFT 

Design Point +5 PNdB -5 PNdB 
Tilt-Rotor Tilt-Rotor Tilt-Rotor 

Gross weight, kg (Ib) 
Empty weight, kg (Ib) 
Cruise speed, KTAS 
Cruise altitude, m ( f t )  
Block time, hr 
Direct operating cost at  200 nmi (3500 hr 

uti1 ization/$90/lb) centsheat-mi 
500-ft Sideline perceived noise, PNdB 
95 PNdB Takeoff area, sq m (sq mi) 
95 PNdB Landing area, sq m (sq mi) 
Block fuel, kg (Ib) 
Rotor diameter, m ( f t )  
Disc loading, kg/m2 (lb/ft2) 
Wing loading, kg/m2 (lb/ft2) 
Hover tipspeed, m/sec (ft/sec) 
Cruise tipspeed, m/sec (ft/sec) 
Installed power a t  sea level, standard day, 

33 905 (74 749) 
22 710 (50 068) 

179.5 (349) 
4 267 (14 000) 
0.742 

2.19 
98.2 
0.23 (0.09) 
0.39 (0.15) 

1 431 (3 157) 
17.16 (56.3) 
73.2 (1 5) 
488 ( 100) 
236 (775) 
165 (543) 

33 21 1 (73 217) 
22 1 1  6 (48 757) 

175.1 (340) 
4 267 (14 000) 
0.76 

2.20 
103.2 
0.49 (0.19) 
0.75 (0.29) 

1 403 (3 094) 
17.0 (55.7) 
73.2 (15) 
488 (100) 
279 (915) 
195 (641) 

36 143 (79 682) 
24 820 (54 718) 

182.6 (355) 
4 267 (14 000) 

0.73 

2.36 
93.4 
0.08 (0.03) 
0.18 (0.07) 

1 618 (3 567) 
17.74 (58.2) 
73.2 (15) 
488 (100) 
195 (640) 
137 (448) 

watts (shp) 1 2 . 3 6 4 ~ 1 0 ~  (1648O)11.984x1O6 (16072) 14 5 2 4 ~ 1 0 ~  (19476 
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( 7 4  749 pounds). The r o t o r s  are three-bladed and are of h inge le s s  
f i b e r g l a s s  composite cons t ruc t ion .  The rotor diameter is 17 .16  
m e t e r s  (56.3 f e e t )  and t h e  s o l i d i t y  r a t i o  i s  0.089. I n  hover and 
low-speed f l i g h t ,  c y c l i c  p i t c h  c o n t r o l  i s  app l i ed  t o  t h e  ro tor  to  
provide c o n t r o l  power and trim. These r o t o r s  are highly tw i s t ed  
(36 degrees) by comparison with h e l i c o p t e r  blades t o  provide e f f i -  
c i e n t  ope ra t ion  a t  high advance r a t i o  as w e l l  as i n  hover. 

The r o t o r s  and forward ro tor  t ransmission tilt; however, t h e  
engines,  mounted outboard of t h e  tilt package, remain s t a t i o n a r y .  
This arrangement does not  r equ i r e  t h e  engines t o  be r e q u a l i f i e d  
f o r  v e r t i c a l  ope ra t ion  and reduces t h e  i n e r t i a  of t h e  tilt 
package. 

The a i r c r a f t  has  fou r  engines,  t w o  on each wing t i p .  The rotors  
and engines are connected by means of a c ros s - sha f t  which provides  
t h e  torque t ransmission across t h e  a i r c r a f t  i n  event  of engine 
f a i l u r e .  The l o c a t i o n  of t h e  engines outboard of t h e  tilt package 
provides easy access to  t h e  engine bays f o r  maintenance o r  engine 
removal. 

The span of t h e  a i r c r a f t  is  25 meters (82 f e e t )  measured from 
outboard of one n a c e l l e  to  outboard of t h e  o ther .  The wing i s  
s t r a i g h t  and untapered wi th  a NACA 634221 sec t ion  with a wing 
s e t t i n g  angle  of 2 O  relative t o  t h e  fuse lage .  The wing a s p e c t  
r a t i o  is 7.14.  

The wing has  fu l l - span  30-percent-chord p l a i n  f laperons  used as 
both f l a p s  and a i l e r o n s .  A leading edge umbrella f l a p  is provided 
which opens f o r  hover and low-speed he l icopter - type  f l i g h t  t o  
a l l e v i a t e  t h e  r o t o r  download on t h e  wing. This device i s  a l s o  
used t o  ensure t h a t  wing u n s t a l l i n g  a t  end of t r a n s i t i o n  occurs  
simultaneously on both wings. 

The empennage T - t a i l  conf igura t ion  w a s  s e l e c t e d  to  reduce t h e  
impact of rotor downwash on t h e  ho r i zon ta l  s t a b i l i z e r  i n  t r a n s i -  
t i o n  f l i g h t .  The h o r i z o n t a l  t a i l  volume r a t i o  is  1 .47 ,  and t h e  
ver t ica l  t a i l  volume r a t i o  is 0.159. 

The t r i c y c l e  landing gear  conf igura t ion  provides good ground 
handling c h a r a c t e r i s t i c s  and i s  r e t r a c t i b l e .  The undercarr iage 
provides  an over turn ing  angle  of 27O. 

Cabin layout  and passenger accommodation d e t a i l s  are shown i n  
Figures  5 and 6. The a i r c r a f t  cabin has  t w o  main en t rances  lo- 
ca ted  on t h e  p o r t  s ide .  The a f t  en t rance  is equipped wi th  an  
a i r s t a i r  i n  accordance wi th  NASA gu ide l ines  and i s  t h e  normal 
en t rance  and e x i t .  A t h i r d  Type I e x i t  i s  loca ted  on t h e  star- 
board s i d e  of t h e  forward cabin.  Two Type I1 e x i t s  are provided 
midcabin immediately a f t  of t h e  baggage/ to i le t  f a c i l i t i e s ,  and a 
f u r t h e r  Type I1 e x i t  is  loca ted  a f t  d i r e c t l y  oppos i te  t he  main 
entrance.  
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The passenger cabin has seats f o r  1 0 0  passengers with an o v e r a l l  
seat width of 0,5334 m e t e r  ( 2 1  inches)  and a seat p i t c h  of  0.8636 
m e t e r  (34 inches ) .  Each passenger has underseat stowage space 
measuring 0 . 2 3 ~ 0 . 4 1 ~ 0 . 5 8  m e t e r s  ( 9x16~23  inches)  and overhead rack 
stowage wi th  lockable  doors.  A i r  ven t s ,  i nd iv idua l  l i g h t s ,  and a 
fo ld ing  t a b l e  a r e  provided f o r  each passenger i n  l i n e  wi th  normal 
commercial a i r c r a f t  p r a c t i c e .  

The cabin has dual  0.4826 m e t e r  (19 inch)  aisles and t h e  main 
cabin l i g h t s  are loca ted  over t h e  aisles.  Two c o a t  racks are pro- 
vided, one forward and one a f t ,  wi th  provis ions  f o r  30 passengers.  
Two l a v a t o r i e s  a r e  provided i n  t h e  cen te r  of t h e  cabin i n  l i n e  
wi th  t h e  baggage stowage a rea .  The l o c a t i o n  of t h e  baggage and 
t o i l e t  f a c i l i t i e s  i n  t h i s  a r ea  keeps passenger s e a t s  away from t h e  
prop/rotor  t ip -pa th  p lane  i n  c r u i s e  t o  minimize noise  and vibra-  
t i o n .  External  baggage loading doors are provided to  g i v e  ground 
c r e w  access, i f  des i red .  

The beverage s to rage  and s e r v i c e  f a c i l i t i e s  are loca ted  a f t .  This 
u n i t  is loca ted  ad jacen t  to  the  s e r v i c e  door/emergency e x i t  which 
i s  l a r g e r  than t h e  minimum requi red  Type I1 ex i t .  Ticket ing 
f a c i l i t i e s  are loca ted  i n  t h e  s a m e  s e r v i c e  u n i t .  Two cabin- 
a t t e n d a n t s  seats are provided, one a g a i n s t  t h e  forward passenger 
cabin bulkhead and c lose  t o  t h e  forward ex i t s ,  t h e  second a f t  
a g a i n s t  t h e  rear bulkhead and c lose  t o  t h e  r e a r  e x i t s .  

The a i r c r a f t  av ionics  and naviga t iona l  gear  compartment is on t h e  
p o r t  s i d e  of t h e  a i r c r a f t  j u s t  a f t  of t h e  cockpi t .  The cockp i t  
space provides  adequate accommodation f o r  a f l i g h t  c r e w  of t w o  
with e x c e l l e n t  v i s i b i l i t y .  A t h i r d  observer  seat i s  provided a t  
t h e  rear of t h e  cockpi t  ad jacent  t o  t h e  av ionics  bay, This loca- 
t i o n  provides  t h e  observer  good forward v i s ion ,  v i s i b i l i t y  over 
t h e  f l i g h t  c r e w  s t a t i o n s ,  and access t o  t h e  avionics/nav-aids bay, 
i f  required.  The cockpi t  i s  provided with t w o  c r e w  emergency 
ex i t s .  

+5 PNdB Tilt-Rotor Configuration and Layout 

The c h a r a c t e r i s t i c s  of t h e  +5 PNdB t i l t - r o t o r  a i r c r a f t  are given 
i n  Table 111. The cabin  layout  and passenger and c r e w  accommoda- 
t i o n s  f o r  t h e  d e r i v a t i v e  veh ic l e s  are t h e  same as those  of t h e  
b a s e l i n e  a i r c r a f t .  

The design parameters changed t o  o b t a i n  t h e  increased  no i se  l e v e l  
f o r  t h e  +5 PNdB a i r c r a f t  w e r e  r o t o r  t ipspeed  and s o l i d i t y ;  t i p -  
speed was increased t o  279 m / s e c  (915  f p s )  i n  hover, and s o l i d i t y  
w a s  reduced t o  0.081. Wing loading and d i s c  loading w e r e  main- 
t a ined ,  so t h a t  t h e  improvement i n  veh ic l e  design gross  weight 
r e s u l t s  i n  reduced r o t o r  diameter and wing span and reduced 
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i n s t a l l e d  power. Gross weight w a s  reduced t o  33 2 1 1  kilograms 
(73 217 pounds), t he  r o t o r  diameter t o  16.98 meters (55.7 f e e t ) ,  
and i n s t a l l e d  power t o  2 . 9 9 ~ 1 0 ~  w a t t s  (4018 shp) pe r  engine. 

-5 PNdB Til t -Rotor  Configuration and Layout 

The c h a r a c t e r i s t i c s  of t h e  -5 PNdB t i l t - r o t o r  are given i n  Table 
111. The cabin layout  and t h e  passenger and c r e w  accommodations 
f o r  t h e  d e r i v a t i v e  v e h i c l e s  are t h e  same as those of  t h e  base l ine  
a i r c r a f t  e 

The design parameters changed t o  obtalin the  -5 PNdB are s o l i d i t y  
and t ipspeed.  The r o t o r  d i s c  loading w a s  held a t  73.2 kg/m2 
(15 l b / f t 2 )  and t h e  r o t o r  diameter increased t o  17 .74  m e t e r s  
(58.2 f e e t ) ,  The wingspan, d i c t a t e d  by t h e  r o t o r  r a d i u s  and 
ro to r / fuse l age  c learance ,  a lso increases  t o  22.83 m e t e r s  (74 .9  
f e e t ) .  

The wing loading of 488 kg/m2 ( 1 0 0  l b / f t 2 )  was maintained, and as  
a r e s u l t ,  wing area w a s  increased t o  73.8 m 2  (796.8 f t 2 ) ,  and t h e  
a spec t  r a t i o  was reduced to 7 . 0 4 .  

The increased a i r c r a f t  g ros s  weight demands a higher  i n s t a l l e d  
power 3 . 6 3 ~ 1 0 ~  w a t t s  (4869 shp) per  engine which, i n  combination 
with reduced t ipspeed  and the re fo re  higher  torque l e v e l s ,  implies  
a l a r g e r  and heavier  t ransmission.  

The change i n  c r u i s e  rpm reduces the  nose-up p i t ch ing  moment 
e f f e c t  of t h e  rotor and r e s u l t s  i n  a lower ho r i zon ta l  t a i l  volume 
r a t i o  (1.31) .  

The increased i n s t a l l e d  power and decreased rpm (i .e. ,  increased 
r o t o r  e f f i c i e n c y )  improve t h e  c r u i s e  performance a l i t t l e  to  g ive  
a normal r a t e d  power speed of 355 knots a t  4267 m e t e r s  ( 1 4  000 
f e e t )  a l t i t u d e .  

3.3 STOL TILT-ROTOR DESIGPJ 

The STOL t i l t - r o t o r  veh ic l e  i s  a d e r i v a t i v e  of t h e  base l ine  VTOL 
t i l t - r o t o r  a i r c r a f t .  The payload, fuse lage ,  passenger accommoda- 
t i o n s ,  and f i x e d  equipment are t h e  same as i n  t h e  VTOL design, and 
the  a i r c r a f t  w a s  s i zed  to  c a r r y  1 0 0  passengers over t he  same 370- 
ki lometer  (200-nautical-mile) range. The bas i c  d i f f e r e n c e  i n  t h e  
t w o  veh ic l e s  arises o u t  of t h e  r e l axa t ion  of t he  VTOL requirement. 
For the  STOL design a takeoff  f i e l d  length  of less than 609.6 
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m e t e r s  (2000 feet)  a t  sea level ,  32OC (9O0F) ambient condi t ion  re- 
placed t h e  v e r t i c a l  t akeoff .  This allows a reduct ion  i n  i n s t a l l e d  
power and rotor diameter which c o n t r i b u t e  t o  improved f u e l  economy. 

STOL T i l t - R o t o r  C h a r a c t e r i s t i c s  and Layout 

A genera l  view of t h e  design p o i n t  STOL t i l t - r o t o r  a i r c r a f t  is 
shown i n  Figure 7 and a threeview drawing i s  given i n  Figure 8. 
Table I V  provides  a l i s t  of t h e  m a j o r  a i rc raf t  dimensions and 
c h a r a c t e r i s t i c s .  

The a i r c ra f t  has  a takeoff  gross  weight of 31 068 kilograms 
(68 493 pounds) and an empty weight of 20  422  kilograms (45 023 
pounds). The t w o  three-bladed rotors are of h inge le s s  f i b e r g l a s s  
cons t ruc t ion .  The rotor diameter is 13.53 m e t e r s  ( 4 4 . 4  f e e t ) ,  and 
t h e  s o l i d i t y  r a t i o  i s  0.082. I n  low-speed f l i g h t ,  c y c l i c  p i t c h  
con t ro l  is  app l i ed  t o  t h e  r o t o r  t o  provide c o n t r o l  power and t r i m .  

The span of t h e  a i r c ra f t  i s  23.93 m e t e r s  (78.5 f e e t )  measured be- 
tween r o t o r  axes. The wing i s  s t r a i g h t  and untapered wi th  an 
a spec t  r a t io  of 9.  The wing s e c t i o n  is  a NACA 634221 a i r f o i l  se t  
a t  an incidence angle  of 2 O  r e la t ive  t o  t h e  fuse lage  r e fe rence  
l i n e .  

Full-span t ra i l ing-edge  f l ape rons  of 30-percent chord are provided 
f o r  use a s  both f l a p s  and a i l e r o n s .  The leading  edge of t h e  wing 
carries a f u l l  span 15-percent-chord Kruger f l a p .  

The empennage c o n s i s t s  of a t r i m a b l e  ho r i zon ta l  s t a b i l i z e r  (whose 
t a i l  volume r a t i o  is  1 . 4 6 )  mounted a top  t h e  v e r t i c a l  t a i l  (of 
volume r a t i o n  0.145). The T - t a i l  conf igura t ion  minimizes t h e  
e f f e c t  of rotor downwash on t h e  h o r i z o n t a l  t a i l  during t r a n s i t i o n .  

4. WEIGHTS 

4 . 1  BASELINE DESIGN POINT AIRCRAFT 

The component weight breakdown f o r  t h e  t h r e e  b a s e l i n e  a i r c r a f t  is  
shown i n  Table V. Each of these  conf igura t ions  have t h e  s a m e  de- 
s ign  payload and range. 

The tandem-rotor h e l i c o p t e r  is t h e  l i g h t e s t  veh ic l e ,  with a design 
gross  weight of 30 469.9 kilograms (67 175 pounds), and t h e  VTOL 
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TABLE IV 
STOL TILT-ROTOR AIRCRAFT SUMMARY 

Design Point STOL 
Tilt Rotor 

31 068 (68 493) 
20 422 (45 023) 

4 267 (14 000) 

Gross weight, kg (Ib) 
Empty weight, kg (Ib) 
Cruise speed, k t  31 0 
Cruise altitude, m (ft) 
Block time, hr 0.82 
Direct operating cost a t  200 nmi (3500 hr 

utilization/$90/lb) centsheat-mi 
500-ft Sideline perceived noise, PNdB 
95 PNdB Takeoff area, sq km (sq mi) 
95 PNdB Landing area, sq km (sq mi) 
Block Fuel, kg (Ib) 
Rotor diameter, m ( f t )  
Wing loading, kg/m2 (lb/ft2) 
Disc loading, kg/m2 (lb/ft2) 
Takeoff tipspeed, m/sec (ft/sec) 
Cruise tipspeed, m/sec (ft/sec) 

2.09 
01.3 
0.30(0.115) 
0.36 (0.1 4) 
085 (2 3921 
3.53 (44.4) 
488 ( 100) 
108 (22.1) 
244 (800) 
173 (560) 

Installed power at  sea level, standard day, watts (shp) 8.31~10’ (11 144) 
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TABLE V 
BASELINE AIRCRAFT WEIGHTS 

Tandem-Rotor 
Helicopter 

Weights 

VTOL STOL 
Tilt-Rotor Tilt-Rotor 

Aircraft Aircraft 
Weights Weights 

F U E L  219.1 483 99.3 
D R I V E  3 101.6 6838 3 100.8 

F L I G H T  C O N T R O L S  1031 9 2275 18352 
I 

219 76.2 16 
6 836 1881.9 4 ' 4  

4046 1567.2 3455 

FORM 2630l I2 7 3 1  

A U X .  POWER P L A N T  

I N  ST R UMENT S 

H Y O R .  & P N E U M A T I C  

E L E C T R I C A L  GROUP 
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288.5 636 288.5 636 288 5 636 
191 9 423 191.9 423 191.9 423 
308.4 680 308.4 680 308 4 680 
378.3 834 378.3 834 423 7 934 



t i l t - r o t o r  is  t h e  heav ie s t  with a design gross  weight of 3 3  905.4 
kilograms ( 7 4  749 pounds). The STOL t i l t - r o t o r  a i r c r a f t  i s  
l i g h t e r  than t h e  VTOL t i l t - r o t o r  as a d i r e c t  r e s u l t  of reduced 
power and t h r u s t  requi red  f o r  takeoff .  The STOL vehic le  has a 
design g ross  weight of 31  067.7 kilograms (68 493 pounds). 

The weight i t e m s  which make up t h e  use fu l  load ( i .e. ,  t h e  d i f f e r -  
ence between t h e  design gross  weight and t h e  weight empty) are 
common t o  a l l  t h r e e  a i r c r a f t ,  with t w o  except ions.  F i r s t ,  t h e  
f u e l  weights vary as a func t ion  of t h e  f u e l  e f f i c i e n c y  of t h e  ve- 
h i c l e  t o  perform t h e  design mission and according t o  t h e  s p e c i f i e d  
reserve  f u e l  requirements.  And second, t h e  emergency equipment 
weight assumed f o r  t h e  tandem-rotor h e l i c o p t e r  is  16.3 kilograms 
( 3 6  pounds) l i g h t e r  than f o r  t he  t i l t - r o t o r  because of design 
a l t i t u d e  is low enough, 1524 meters (5000 f e e t ) ,  t h a t  emergency 
oxygen f o r  a l l  passengers is  not requi red .  

The STOL t i l t - r o t o r  wing weight i s  heavier  than the  VTOL a i r c r a f t  
because of increased a s p e c t  r a t io  d e s p i t e  t h e  reduced wing area. 
The STOL wing weight i s  def ined by t h e  a e r o e l a s t i c  s t i f f n e s s  re- 
quirements to  provide an adequate margin from whi r l  f l u t t e r  and 
reverse  bending loads on landing, whereas t h e  jump takeoff  cr i te-  
r i a  predominates f o r  t h e  VTOL a i r c r a f t .  

The h e l i c o p t e r  r o t o r  system is heavier  than e i t h e r  of t h e  tilt- 
r o t o r  designs.  This i s  d i c t a t e d  by t h e  r o t o r  s i z e ,  t ipspeed ,  and 
t h r u s t  requirement and t h e  maneuver load f a c t o r  a t  design c r u i s e  
speed which sets r o t o r  s o l i d i t y .  The landing gear  i s  taken a s  a 
f i x e d  percentage of t h e  vehic le  g ross  weight and v a r i e s  accord- 
ing ly .  The engine weights are def ined  by a f i x e d  engine s p e c i f i c  
weight and are a d i r e c t  r e s u l t  of t h e  i n s t a l l e d  power requi red .  

The propuls ion group weights are pr imar i ly  a func t ion  of i n s t a l l e d  
power, r o t o r  s i z e ,  and torque requirements. The tandem-rotor hel-  
i c o p t e r  t ransmissions are designed t o  take  t h e  i n s t a l l e d  power a t  
sea  l e v e l ,  s tandard day. The t i l t - r o t o r  a i r c r a f t  reduce t h e  r o t o r  
rpm i n  c r u i s e ,  and t h e r e f o r e  the  t ransmissions are s i z e d  a t  t h e  
normal r a t e d  power condi t ion  a t  c r u i s e  rpm a t  4267 meters ( 1 4  000 
f e e t )  a l t i t u d e .  This torque l i m i t  exceeds t h e  sea l e v e l  i n s t a l l e d  
power requirement a t  takeoff  rpm. 

The a u x i l i a r y  powerplant, instruments,  hydraul ic  and pneumatic 
systems, and e lectr ical  and av ionics  system weights are t h e  same 
f o r  each conf igura t ion .  Some s m a l l  d i f f e r e n c e s  e x i s t  between t h e  
tandem-rotor h e l i c o p t e r  and the  t i l t - r o t o r  v e h i c l e s  i n  t h e  furnish-  
i ngs  and equipment, environmental systems, and a n t i - i c i n g  systems 
weights which r e s u l t  from d i f f e r e n c e s  i n  opera t ing  a l t i t u d e s .  

These d i f f e r e n c e s  i n  design requirements def ine  t h e  v a r i a t i o n s  i n  
weight empty f o r  t h e  t h r e e  conf igura t ions  and r e s u l t  i n  a payload- 
to-gross-weight r a t i o  of 26.7 percent  f o r  t h e  tandem-rotor h e l i -  
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cop te r ,  24 .1  percent  f o r  t h e  VTOL t i l t - ro to r ,  and 26 .4  percent  f o r  
t he  STOL t i l t - ro to r .  

The weight-empty-to-gross-weight r a t i o s  f o r  t h e  veh ic l e s  are 59.7 
percent  f o r  t h e  tandem-rotor he l i cop te r ,  62.3 percent  f o r  t h e  VTOL 
t i l t - r o t o r ,  and 65.6 percent  f o r  t h e  STOL t i l t - r o t o r .  The aero- 
dynamic e f f i c i e n c y  i s  ind ica t ed  by t h e  fuel-to-gross-weight r a t io s  
which are 1 0 . 4  pe rcen t  f o r  t h e  tandem-rotor h e l i c o p t e r ,  5.95 per- 
cen t  f o r  t h e  VTOL t i l t - r o t o r ,  and 5 percent  f o r  t h e  STOL tilt- 
r o t o r .  

4 . 2  EFFECT OF EXTERNAL NOISE CRITERIA ON VEHICLE WEIGHTS 

Derivat ive a i r c r a f t  designs w e r e  s tud ied  f o r  both VTOL configura- 
t i o n s  which would show t h e  impact of e x t e r n a l  no ise  cr i ter ia  on 
the  veh ic l e  weights,  Table V I  shows t h e  component weight break- 
down f o r  t h e  base l ine  tandem-rotor h e l i c o p t e r  a i r c r a f t  compared 
with two d e r i v a t i v e  tandem-rotor veh ic l e s .  Each of t hese  designs 
has a d i f f e r e n c e  of 5 PNdB i n  t h e  152.4-meter (500-foot) s i d e l i n e  
perceived noise  a t  takeoff  from t h e  b a s e l i n e  a i r c r a f t  case. One 
i s  5 PNdB more noisy  and one 5 PNdB less noisy.  

The e f f e c t  of reducing e x t e r n a l  no ise  i s  t o  increase t h e  a i r c r a f t  
gross  weight, and increas ing  noise  allows a reduct ion  i n  gross  
weight . 
The major d i f f e r e n c e s  i n  weight between t h e  +5 PNdB design and t h e  
base l ine  h e l i c o p t e r  are i n  t h e  r o t o r  and d r i v e  systems. The re- 
duct ion i n  diameter and s o l i d i t y  of t h e  r o t o r s  reduces t h e  r o t o r  
system weight t o  2745 kilograms (6052 pounds). The reduct ion i n  
diameter a l s o  allows t h e  d i s t a n c e  between r o t o r  c e n t e r s  t o  be re- 
duced which, coupled with a l i g h t e r  o v e r a l l  g ross  weight, reduces 
t h e  bending moments i n  t h e  fuse lage  s t r u c t u r e  and allows a reduc- 
t i o n  i n  body weight compared with t h e  base l ine  a i r c r a f t ,  

The propuls ion system weight i s  reduced by v i r t u e  of t h e  lower 
i n s t a l l e d  power. The weight of t h e  rotor f l i g h t  c o n t r o l s  i s  a l so  
reduced, s ince  t h e  r o t o r  s i z e  and i n e r t i a s  are smaller. The f u e l  
requi red  t o  f l y  t h e  design mission is reduced, s i n c e  t h e  engines 
a r e  opera t ing  a t  a higher  f r a c t i o n  of maximum power i n  c r u i s e  
f l i g h t .  

The -5 PNdB h e l i c o p t e r  design i s  heavier  than t h e  base l ine  a i r -  
c r a f t .  This i nc rease  i n  weight i s  caused by t h e  l a r g e r  rotor 
diameter and s o l i d i t y  which increases  t h e  r o t o r  system weight t o  
3729.9 kilograms (8223 pounds). The body weight i nc reases  as a 
r e s u l t  of t h e  inc rease  i n  t h e  d i s t ance  between the  r o t o r  hubs, 
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TABLE V I  
EFFECTOF EXTERNAL NOISE CRITERIA ON HELICOPTER WEIGHTS 

F O R M  26301 121731 
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s i n c e  t h e  bending moments c a r r i e d  by t h e  fuse lage  s t r u c t u r e  in- 
crease requ i r ing  a higher  s t r u c t u r a l  s t r e n g t h  and weight. The 
landing gear  weight is governed by t h e  change i n  a i rcraf t  weight 
and grows with t h e  a i rcraf t  t o  1346.3 kilograms (2968 pounds), 
The engine s e c t i o n  weights are increased owing t o  t h e  increased  
engine s i z e .  The increased i n s t a l l e d  power and weight r equ i r e  a 
l a r g e r  t ransmission r e f l e c t e d  by t h e  increased  d r i v e  system 
weight. 

The increased f l i g h t  c o n t r o l s  weight is a func t ion  of the  inc rease  
i n  rotor s i z e  and weight. 

A s i m i l a r  comparison is  drawn i n  Table VI1 f o r  t he  VTOL t i l t - r o t o r  
a i r c r a f t ,  The weights breakdown f o r  t h e  t w o  no ise  d e r i v a t i v e  
t i l t - ro to r  a i r c r a f t  are compared with t h e  design p o i n t  t i l t - ro to r  
a i r c r a f t  weights. 

The +5 PNdB t i l t - r o t o r  has a design gross  weight of 33 210.5 k i l o -  
grams (73 217 pounds), The increase  i n  t ipspeed  r e s u l t s  i n  a 
reduct ion  i n  t ransmission weight to  2627 kilograms (5791 pounds). 
The r o t o r  system weight is n o t  much less than t h e  base l ine  a i r -  
craft .  This is due to  the  e f f e c t  of increased t ipspeed  on r o t o r  
system weight, which tends t o  counterac t  t he  savings expected from 
reduced diamter and s o l i d i t y .  The rotor f l i g h t  c o n t r o l  weights 
are governed t o  a l a r g e  e x t e n t  by the  r o t o r  weights and as a re- 
s u l t  do not  reduce s i g n i f i c a n t l y  a t  t h e  higher  t ipspeed.  The 
l i g h t e r  g ross  weight d i c t a t e s  a s l i g h t l y  lower i n s t a l l e d  power 
which shows as a s m a l l  weight saving i n  t h e  engine s e c t i o n  and 
i n s t a l l a t i o n s .  

The design takeoff  gross  weight f o r  t h e  -5 PNdB t i l t - r o t o r  i s  
36 143 kilograms (79  682 pounds) an increase of near ly  2268 k i lo -  
grams (5000 pounds) over t h e  base l ine  a i rc raf t .  This i s  due to  
t h e  reduct ion  i n  rotor  t ipspeed  and inc rease  i n  r o t o r  s o l i d i t y  
and diameter. 

The reduct ion  i n  t ipspeed tends t o  reduce rotor weight, b u t  t h i s  
e f f e c t  is  more than  o f f s e t  by t h e  inc rease  due t o  s o l i d i t y  and 
diameter,  and t h e  n e t  r e s u l t  is  a s l i g h t l y  heavier  rotor system. 

The f l i g h t  c o n t r o l s  weight i nc reases  with t h e  r o t o r  weight, be- 
cause t h e  upper c o n t r o l  design is  set by r o t o r  blade s i z e ,  weight, 
and p i t c h  i n e r t i a .  The governing parameter i n  t h e  d r i v e  system 
weight i s  t h e  reduct ion  i n  t ipspeed  which increases  t h e  torque 
requirements. This coupled with t h e  l a r g e r  power requirement of  
t h e  -5 PNdB t i l t - r o t o r  causes a s u b s t a n t i a l  i nc rease  i n  t h e  d r i v e  
system weight. The l a r g e r  power requirement also impl ies  higher  
engine and i n s t a l l a t i o n  weights. The r e s u l t  i s  a 29.5-percent 
i nc rease  i n  propuls ion group weights over t h e  b a s e l i n e  a i rc raf t ,  
The landing gear  i s  taken as a percentage of gross  weight and 
inc reases  accordingly.  
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TABLE VI1 
EFFECT OF NOISE CRITERIA ON TILT ROTOR WEIGHTS 

I 
+5 PNdB 

Tilt-Rotor 
Weights 

Design Point 
Tilt-Rotor 

Weights 
-5 PNd8 

Tilt-Rotor 

I I 
WEIGHT EMPTY 228047 50276 22 115.2 48 756 24 819.5 54 718 
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The inc rease  i n  takeoff  gross  weight of t h i s  a i rc raf t  r e q u i r e s  a n  
increase  i n  mission f u e l  t o  2240,3 k i l o g r a m  (4939 pounds),  11 
percent  more than t h e  base l ine  a i r c r a f t .  

The d e t a i l s  of b a s i c  fuse lage ,  cabin,  and cockpi t  accorunodations, 
etc., a r e  t h e  s a m e  f o r  a l l  t h r e e  VTOL t i l t - r o t o r  a i r c r a f t .  

4.3 WEIGHTS GUIDELII’JES 

The weight of each component and s y s t e m h a s  been computed using 
t h e  HESCOPIP o r  VASCOMP s i z i n g  programs (References 4 and 5) which 
use s ta t i s t ica l  and semiempirical  weight t rend  equat ions based on 
known a i r c r a f t  weights. The s i z i n g  procedure i s  an i t e r a t i v e  
process  i n  which t h e  a i r c r a f t  weight is v a r i e d  u n t i l  t h e  mission 
f u e l  requi red  is  equal t o  t h e  a l l o c a t e d  f u e l  weight. 

Weights of a l l  s t r u c t u r a l  components have been reduced by 25 per- 
c e n t  from t h e  t r end  curve da t a ,  i n  keeping with t h e  gu ide l ine  
d i r e c t i v e  on the  use of composite ma te r i a l s .  

Several  s tandard  i t e m  weights w e r e  a l s o  spec i f i ed ,  as shown i n  
Table V I I I .  

The 544.2 kilograms (1200 pounds) a l l o c a t e d  f o r  APU, instruments ,  
e lec t r ica l ,  and e l e c t r o n i c s  has been assumed t o  be an u n i n s t a l l e d  
weight and an a d d i t i o n a l  440.8 kilograms (9721 pounds) has been 
included t o  account f o r  i n s t a l l a t i o n .  The engine weights are 
based on a p ro jec t ed  s p e c i f i c  weight of 0.15 lb/shp which i s  ex- 
pected t o  be a v a i l a b l e  f o r  a p p l i c a t i o n  t o  a 1985 commercial a i r -  
c r a f t .  The c o n t r o l  system is  a fly-by-wire system and the  weight 
estimate €or t h e  c o n t r o l s  is based upon r e c e n t  Boeing experience 
with fly-by-wire c o n t r o l s  on the  Model 347 h e l i c o p t e r .  The r o t o r  
gearboxes a r e  designed f o r  maximum engine power and torque under 
sea l e v e l ,  s tandard day condi t ions .  

The landing gear  is  designed f o r  a 152.4-m/min (500 ft /min) ra te  
descent  and is  4 percent  of t h e  design g ross  weight. 

Passenger and c r e w  accommodations are based on Boeing 737 a i r c r a f t  

a t  l eas t  t h i s  s tandard  by 1985. 
, da ta ,  s i n c e  it w i l l  be necessary t o  provide passenger comfort t o  

T h e o v e r a l l a i r c r a f t  i s  s i zed  f o r  a maneuver load f a c t o r  of 3.5 
and an u l t imate  load f a c t o r  of 5.25, as recommended i n  FAR P a r t  29 
f o r  h e l i c o p t e r  a i r c r a f t .  The t i l t - r o t o r  veh ic l e s  are s i zed  fo r  a 
maneuver load f a c t o r  of 2.5 and an u l t i m a t e  load f a c t o r  of  3.75, 
as recommended i n  FAR P a r t  25. 
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TABLE V I l l  
WEIGHTS SPEC1 Fl ED BY STUDY GUIDELINES 

Weight 
I tem (Ib) (kg) 

Wheels, tires, and brakes 

Instruments (flight and navigation) 

136 kg1Unit 

Electrical (excluding generating 
equipment) 

Electronics (communication, f I igh t, 

Auxiliary power unit installation 

Seats and belts 

Passenger: Double 
Triple 

Crew seats: Cabin crew 
FI ight crew 

Lavatory 300 Ib/Unit 

Beverage only 200 Ib Total 90.72 kg Total 

Air stair 400 Ib 181.4 kg 

Company optimum 

1200 Ib 544.3 kg 

16 I b/Passenger 7.26 kglpassenger 
16 IbPassenger 7.26 kglpassenger 

16 Ib/Crew member 7.26 kglpassenger 
40 Ib/Crew member 7.26 kgIPassenger 

1 and navigation) 

i 
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4.4  CENTER-OF-GRAVITY RANGES AND VEHICLE GROWTH FACTORS 

The long i tud ina l  center-of-gravi ty  range of  t he  veh ic l e  i s  of no te  
s i n c e  it de f ines  whether r e s t r i c t e d  or u n r e s t r i c t e d  passenger 
s e a t i n g  i s  necessary.  The tandem-rotor he l i cop te r  i s  unique i n  
t h i s  r e s p e c t  i n  t h a t  no r e s t r i c t i o n s  are necessary from a v e h i c l e  
s t a b i l i t y  or  trim standpoint .  The long i tud ina l  d i s p o s i t i o n  of t h e  
r o t o r s  provides t h i s  advantage, The permissable cg envelopes f o r  
t h e  t h r e e  baseline a i r c r a f t  are shown i n  Figure 9 as a func t ion  of 
a i r c r a f t  weight. 

I n  t h e  VTOL t i l t - ro to r  case, a r e s t r i c t e d  s e a t i n g  arrangement has 
been assumed. I n  Figure 9 t h i s  assumption i s  ind ica t ed  by t h r e e  
"bubbles" f o r  each f l i g h t  condi t ion.  The l o w e r  one de f ines  t h e  
maximum excursion i n  cg a t  var ious  weights assuming t h a t  window 
s e a t s  are i n i t i a l l y  occupied. The second assumes every o t h e r  
a i s le  s e a t  i s  occupied, and t h e  t h i r d  assumes t h a t  t h e  remaining 
a i s l e  seats are a l s o  occupied. The reason f o r  t h e  two d i f f e r e n t  
envelopes, one f o r  hover and one f o r  forward f l i g h t ,  is  because 
t h e  t i l t i n g  of t h e  nace l l e  m a s s  s h i f t s  t h e  a i r c r a f t  cg between 
these  f l i g h t  modes. I n  fixed-wing a i r p l a n e  t e r m s ,  t h e  cg range i s  
1 4 . 3  percent  to  32 percent  of t h e  mean aerodynamic chord (M.A.C.) 
and provides  a 5-percent minimum s t a t i c  margin wi th  most-aft cg. 

The STOL t i l t - r o t o r  case is  a l s o  shown i n  Figure 9 and resembles 
t h e  VTOL t i l t - rotor .  The cg excursion due t o  n a c e l l e  tilt i s  n o t  
so severe i n  t h i s  case, s i n c e  a nacel le  incidence of 66O i s  used 
a t  takeoff  r a t h e r  than 90° ,  as  i n  the  VTOL case. The cg range i n  
c r u i s e  i n  t h i s  case i s  from 9.8 percent  to  33 .5  percen t  M.A.C. I n  
i n t e r p r e t i n g  these  ranges, no te  t h a t  t h e  STOL a i r c r a f t  wing chord 
is  smaller than t h e  VTOL a i r c r a f t .  

I n  order  t o  provide ready comparison of t hese  a i r c r a f t  design 
weights with o t h e r  designs with d i f f e r e n t  f i xed  weights,  t h e  a i r -  
c r a f t  growth data are shown i n  Figure 10. These curves allow an  
a i r c r a f t  g ros s  weight t o  be obtained f o r  a v a r i a t i o n  i n  a f i x e d  
empty weight i t e m  and al low reasonable comparison of weight with 
o the r  designs based on assumptions of d i f f e r e n t  f i x e d  equipment, 
etc.  

5. PERFORMANCE 

This Sec t ion  summarizes t h e  performance of each of the seven a i r -  
c r a f t  designed during the  study. F i r s t ,  each a i r c r a f t  is assessed 
on t h e  b a s i s  of i t s  performance of t h e  design mission, and second, 
t he  d e t a i l  performance c a p a b i l i t y  is examined i n  each phase of t h e  
mission. 
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The mission requirement is  t h a t  t h e  a i r c r a f t  should c a r r y  1 0 0  
passengers wi th  baggage t o  a d e s t i n a t i o n  370 ki lometers  (200 nau- 
t i c a l  m i l e s )  f r o m  t he  s t a r t i n g  poin t .  Fuel reserves are to be 
s u f f i c i e n t  t o  a l l o w  f o r  a 93-kilometer (50-nautical-mile) d iver -  
s ion  and a 20-minute loiter a t  a 1524-meter (5000-foot) a l t i t u d e .  
D e t a i l s  of t h e  design mission are shown i n  Figure 11 and Table I X .  

5.1 MISSION PERFORNANCE 

The mission performance of each a i rc raf t  i s  presented i n  the  form 
of a t i m e  h i s t o r y  showing t h e  progress  of t h e  a i r c r a f t  throughout 
t he  mission i n  t e r m s  of e lapsed time, f u e l  used, d i s t ance  covered, 
speed, and a l t i t u d e .  The tabula ted  da ta  are grouped f o r  conven- 
i e n t  comparison among d i f f e r e n t  concepts and among base l ine  and 
noise  d e r i v a t i v e  a i r c r a f t .  

Basel ine A i r c r a f t  

Tables X and X I  conta in  t h e  mission performance h i s t o r y  of t h e  
base l ine  tandem-rotor h e l i c o p t e r ,  t h e  VTOL t i l t - r o t o r ,  and t h e  
STOL t i l t - r o t o r  i n  S . I .  u n i t s  and U.S .  u n i t s .  

The b a s e l i n e  tandem h e l i c o p t e r  consumes a t o t a l  of 2311 kilograms 
(5094 pounds) of f u e l  no t  including t h e  reserves remaining a t  t h e  
end of t h e  mission. The VTOL t i l t - r o t o r  uses 1433 kilograms (3157 
pounds), whereas t h e  STOL t i l t - r o t o r  r e q u i r e s  only  1085 kilograms 
(2391 pounds). Expressed i n  terms of f u e l  economy, t h e  STOL tilt- 
rotor has t h e  b e s t  performance, producing 34.2 passenger km per  kg 
f u e l  (62.5 passenger m i l e s  per  g a l l o n ) .  The VTOL t i l t - r o t o r  uses  
32 percent  m o r e  f u e l  and produces 25.9 passenger-km/kg f u e l  ( 4 7 . 3  
passenger-rni/gal) and t h e  tandem h e l i c o p t e r  r e q u i r e s  1 2 1  percent  
nore f u e l  thzn t h e  STOL t i l t - r o t o r  and has a f u e l  consumption of 
1 6 . 1  passenger-km/kg (29 .4  passenger-mi/gal). 

The c r u i s e  speed of t h e  tandem-rotor h e l i c o p t e r  a t  i t s  c r u i s e  
a l t i t u d e  of 1524 m e t e r s  (5000 feet) i s  168 knots.  This is slower 
than e i t h e r  of t h e  t i l t - r o t o r  a i r c r a f t .  The c r u i s e  speed of  t h e  
VTOL t i l t - r o t o r  a t  4267 m e t e r s  ( 1 4  000 f e e t )  is  350 knots,  while  
t h a t  of t h e  STOL t i l t - r o t o r  i s  311 knots.  The extra 39  knots  of 
c r u i s e  speed c a p a b i l i t y  of t he  VTOL over t h e  STOL t i l t - ro to r  is  
due to  i t s  higher i n s t a l l e d  power requi red  t o  m e e t  t h e  v e r t i c a l  
l i f t  requirement. 

Since the  c r u i s e  is t h e  major p a r t  of t h e  mission, t h e  c r u i s e  
speed l a r g e l y  determines t h e  t i m e  to  complete t h e  mission. The 
base l ine  tandem-rotor he l i cop te r  has a block t i m e  of 1.337 hours 
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TABLE I X  
VSTOL MISSION PROFILE DEFINITION 

Time Distance 
Segment VTOL \ITOL Remarks 

Taxi out 1 min 0 

Takeoff, transition, and 
conversion to 
conventional flight 

Air maneuver 
(origin) 

Acceleration to 
climb speed 

Climb 

Cruise 

Descent to 
2000 f t  

Air maneuver a t  
2000 f t  (destination) 

Decelerating approach 
and conversion to 
powered lift flight 
2000 f t  to 1000 f t  

Transition and 
landing from 1000 F t  
to touchdown 

Taxi in 

0 --- 0.5 min 

As calculated 

As calculated 

As calculated At constant integral 

At optimum climb speec 

1000 f t  altitudes (no 
enroute altitude change 

rate of descent 
As calculated 5000 fpm maximum 

As calculated 0 1000 fpm maximum 
rate of descent 

1000 fpm maximum rat 

35 f t  
600 fpm maximum rate 
of descent below 35 f t  

As calculated 0 of descent down to 

I min 0 --- 

4 0  



TABLE X 
MISSION SUMMARIES FOR BASELINE TANDEM ROTOR HELICOPTER, 
VTOL TILT ROTOR, AND STOL TILT-ROTOR AIRCRAFT IS I UNITS) 

Weight Fuel 

Taxi 
Takeoff 
Climb 
Cruise 
Descent 
Air Maneuver 
Descent 
Landing 
Taxi 
Reserve 

0 
0.017 
0.042 
0.088 
1.242 
1.262 
1.287 
1.304 
1.321 

0 
0 
0 
7.97 

366.34 
370.60 
370.60 
372.45 
372.45 

30 470 
30 464 
30 416 
30 329 
28 251 
28 240 
28 210 
28 194 
28 165 

6 
49 
87 

2165 
1 1  
29 
16 
29 
r 

___  
___  
92 
168 
115 
92 
70 

9.1 

-12.5 

- 5.1 

28 159 86i 150193 --- 1.337 372 45 
2.004 463.25 27 290 

1 BASELINE VTOL TILT-ROTOR 

Rate of 
Time Distance Weight Fuel V Climb 
(hr) (km) (kg) (kg) (kt) ( m/sec) 

Taxi 
Takeoff 
Climb 
Cruise 
Descent 
Air Maneuver 
Descent 
Landing 
Taxi 
Reserve 

0 
0.017 
0.050 
0.121 
0.576 
0.672 
0.697 
0.705 
0.730 
0.747 
1.228 

0 
0 
0 
23 
319 
371 
371 
374 
374 
374 
463.2 

33 905 
33 899 
33 877 
33 632 
32 634 
32 571 
32 542 
32 536 
32 478 
32 472 
31 787 

6 
82 
185 
998 
63 
29 
6 
58 
6 

685 

t STOL TILT-ROTOR I 
Rate of  

Time Distance Weight Fuel V Climb 

(hr) (km) (kg) (kg) (kt l  (mlsec) 
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TABLE X I  
MISSION SUMMARIES FOR BASELINE TANDEM-ROTOR HELICOPTER 
VTOL TILT-ROTOR, AND STOL TILT-ROTOR AIRCRAFT (US. UNITS) 

BASELINE TANDEM-ROTOR HELICOPTER 

Rate of 
Time Distance Weight Fuel V Climb 
(hrl (nmil (Ib) (Ib) ( k t l  (ft/minl 

Taxi 
Takeoff 
Climb 
Cruise 
Descent 
Air Maneuver 
Descent 
Landing 
Taxi 
Reserve 

0 0 

0 017 0 
0.042 0 
0.088 4.3 
1.242 197.7 
1.262 200 
1.287 200 
1.304 201 
1.321 201 

12 
67 175 
67 163 107 
67056 191 

66865 4582 
25 

62 283 
62 258 

65 
62 193 

35 
65 

62 158 

62 093 .^ 
I L  

62081 1916 
1.337 201 
2.004 250 60 165 

f BASELINE VTOL TILT-ROTOR 

Rate of 
Time Distance Weight Fuel V Climb 
(hr) (nmil (Ibl (Ib) (kt) (ft/min) 

0 0 74 749 
0.017 0 74 735 
0.050 0 74 556 
0.121 12.45 74 148 
0.576 171.82 71 948 
0.672 200 71 809 
0.697 200 71 744 
0.705 202 71 732 
0.730 202 71 604 
0.747 202 71 590 
1.278 250 70 079 

Taxi 
Takeoff 
Climb 
Cruise 
Descent 
Air Maneuver 
Descent 
Landing 
Taxi 
Reserve 

___ 14 
179 
408 178 

2200 351 
139 275 
365 138 

12 255 

___ 

--- 128 
14 

151 1 

___ 
1431242 

STOL TILT-ROTOR 

Rate of 
Time Distance Weight Fuel V Climb 
(hr) hnil Ob) (Ib) (kt) (ft/minl 

0 0 

0.01 7 0 
0.050 0 
0.152 16.34 
0.657 1 73.88 

Taxi 
Takeoff 
Climb 
Cruise 
Descent 
Air Maneuver 0’746 
Descent 
Landing 
Taxi 
ReSeNe 

200 
0.771 200 
0.779 201.92 
0.804 201.92 
0.820 201.92 
1.373 250 

68 493 
68 484 
68 343 
67 954 
66 349 
66 262 
66 219 
66 211 
66 110 
66 101 
65 057 

9 
141 
389 

1605 
87 
43 

8 
101 

9 
1044 

--- 
_-- 
167 
312 
316 
143 
255 
--- 
--- 
1501212 
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whereas t h e  VTOL t i l t - r o t o r  takes  only 0.747 hours. Thus, t h e  
high speed of t h e  VTOL t i l t - ro to r  l eads  to  a saving i n  block t i m e  
of 35 minutes r e l a t i v e  to  t h e  he l i cop te r .  On t h e  o t h e r  hand, al-  
though t h e  STOL t i l t - r o t o r  is about 39 knots slower than the  VTOL 
t i l t - r o t o r ,  it t akes  s l i g h t l y  m o r e  than 4 minutes longer  to  com- 
p l e t e  t h e  mission. 

The performance levels of t hese  a i r c r a f t  f o r  s i m i l a r  missions wi th  
ranges o t h e r  than 370 ki lometers  (200  n a u t i c a l  m i l e s )  have been 
ca l cu la t ed  and are presented i n  Figure 1 2  as payload range graphs. 
For ranges g r e a t e r  than t h e  design range, a d d i t i o n a l  f u e l  w a s  in- 
cluded t o  a l low a maximum range of a t  least  740 ki lometers  (400  
n a u t i c a l  miles). The weight of t h e  a d d i t i o n a l  tankage amounted t o  
less than t h e  weight of one passenger wi th  baggage. The s lope  of 
t he  payload r a d i u s  curve is  s t rong ly  dependent on t h e  f u e l  con- 
sumption of t h e  a i r c r a f t .  That i s  why t h e  payload c a p a b i l i t y  
degrades m o s t  r a p i d l y  f o r  t h e  he l i cop te r  and least  f o r  t h e  STOL 
t i l t - r o t o r .  A t  t h e  extended range of 740  ki lometers  (400 n a u t i c a l  
m i l e s ) ,  the  passenger load is l imi t ed  t o  72 on t h e  tandem-rotor 
he l i cop te r ,  84 on t h e  VTOL t i l t - r o t o r ,  and 88 on t h e  STOL tilt- 
r o t o r  a i r c r a f t .  

Figure 13  shows payload r a d i u s  curves  for  t h e  s a m e  t h r e e  a i r c r a f t  
opera t ing  with one engine inope ra t ive  (OEI )  during t h e  c r u i s e  seg- 
ment of t h e  mission. This enables  t h e  remaining engines to  oper- 
a te  a t  a l e v e l  nearer  t he  optimum s p e c i f i c  f u e l  consumption l e v e l ,  
thus producing a more economical mission i n  t e r m s  of f u e l  used. 
However, t h e  speed i s  s i g n i f i c a n t l y  l o w e r  so t h a t  opera t ing  cost 
increases  and p roduc t iv i ty  decreases.  The range wi th  f u l l  passen- 
ge r  load is increased  by f l y i n g  the  mission i n  t h i s  condi t ion  t o  
460 ki lometers  (250 n a u t i c a l  m i l e s )  f o r  t h e  h e l i c o p t e r  and t h e  
VTOL t i l t - ro to r ,  and 410 ki lometers  ( 2 2 0  n a u t i c a l  m i l e s )  f o r  t h e  
STOL t i l t - r o t o r .  

Basel ine and N o i s e  Derivative Hel icopters  

The mission performance of t h e  base l ine  tandem-rotor h e l i c o p t e r  
and i t s  noise  d e r i v a t i v e s  is  presented i n  Tables X I 1  and X I 1 1  i n  
S . I .  u n i t s  and U.S. u n i t s ,  r e spec t ive ly .  

The mission f u e l  requi red  by t h e  base l ine  h e l i c o p t e r  is  2311 k i lo -  
grams (5094 pounds). Both of t h e  noise  d e r i v a t i v e  h e l i c o p t e r s  
consume about 220  kilograms (500 pounds) m o r e  f u e l  than t h e  base- 
l i n e  vers ion.  This i n d i c a t e s  t h a t  designing f o r  t h e  lower noise  
level  incu r s  roughly a 10-percent f u e l  consumption penal ty  and 
t h a t  r e l ax ing  the  noise  c o n s t r a i n t  by +5 PNdB incur s  about t h e  
same Ioss  of economy. This r ep resen t s  a degradat ion i n  f u e l  con- 
sumption f r o m  1 6 . 1  passenger-km/kg (29 .4  passenger-mi/gal) down t o  
1 4 . 6 1  passenger-km/kg (26.7 passenger-mi/gal). 
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GASELINE TANDEM-ROTOR HELICOPTER, 92.3 PNdB 
Design Mission Profile and Reserves 
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Figure 12. Payload- Range Capability with All Engines Operating 



BASELINE TANDEM-ROTOR HELICOPTER, 92.3 PNdB 
Design Mission Profile and Reserves 
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TABLE XI1 
MISSION SUMMARIES FOR BASELINE AND DERIVATIVE 

TANDEM-ROTOR HELICOPTERS (S.I. UNITS) 

BASELINE TANDEM-ROTOR HELICOPTER 

Rate of 
Time Distance Weight Fuel V Climb 
(hr) (km) Ikgl (kg) (kt) (mlsec) 

-_- _-- 6 
0 0 30 470 

30 464 
49 

0.017 0 

30416 87 0 0.042 
30 329 

2165 
0.088 7.97 

11 115 -1 2.5 
1.242 366.34 28 251 

29 82 
370.60 - 28240 1.262 

16 70 - 5.1 370.60 28 210 1.287 

29 
372.45 28 194 1.304 

6 
372.45 28 165 1.32 1 
372.45 28 159 869 1.337 

2.004 463.25 

__- ___ 
-axi 
rakeoff 
:limb 

Sruise 
Descent 
Air Maneuver 
Descent 
Landing 
Taxi 
Reserve 

9.2 92 
168 _-- 

_-- 

__- --- 
--- _-- 
150193 --- 

27 290 

+5 PNdB TANDEM-ROTOR HELICOPTER 

Rate of 
Time Distance Weight Fuel V Climb 
(hr) (km) (kg) (kg) (kt) (mlsec) 

Taxi 
Takeoff 
Climb 
Cruise 
Descent 
Air Maneuver 
Descent 
Landing 
Taxi 
Reserve 

-5 PNdB TANDEM-ROTOR HELICOPTER 

Rate of 
Time Distance Weight Fuel V Climb 
Ihr) (km) tkg) ( k d  (kt l  (mlsec) 

___ 5 0 0 29 874 

0.042 0 29823 105 

0.101 9.1 
1.434 367.3 27 426 
1.451 370.6 27417 3o 
1.476 370.6 27387 16 
1.492 374.3 27371 28 

5 1.509 374.3 27 343 

27338 1005 140181 1.526 374.3 
2.217 463.3 26 333 

0.017 0 29869 46 ___ 
81 

29718 2292 145 
9 115 

80 
70 

-__ 
-__ 

Taxi 
Takeoff 
Climb 
Cruise 
Descent 
Air Maneuver 
Descent 
Landing 
Taxi 
Reserve 

0 
0.01 7 
0.042 
0.083 
1.143 
1.164 
1 .189 
1.206 
1.223 
1.240 
1.877 

0 
0 
0 
9.2 

366.2 
370.6 
370.6 
374.3 
374.3 
374.3 
463.3 

33 669 
33 662 
33 604 
33 513 
31 236 
31 222 
31 187 
31 169 
31 134 
31 127 
30 171 

6 
58 
91 

2277 
14 
34 
18 
35 

7 
956 
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TABLE XI11 
MISSION SUMMARIES FOR BASELINE AND DERIVATIVE 

TANDEM-ROTOR HELICOPTERS (US. UNITS) 

BASELINE TANDEM-ROTOR HELICOPTER 

Rate of 
Time Distance Weight Fuel V Climb 
(hr) Inmi) (Ib) (Ib) (kt) (ftlminl 

Taxi 
Takeoff 
Climb 

Cruise 
Descent 
Air Maneuver 
Descent 
Landing 
Taxi 
Reserve 

0 
0.017 
0.042 
0.088 
1.242 
1.262 
1.287 
1.304 
1.321 
1.337 
2.004 

0 
0 
0 
4.3 

197.7 
200 
200 
201 
201 
201 
250 

67 175 
67 163 
67 056 
66 865 
62 283 
62 258 
62 193 
62 158 
62 093 
62 081 
60 165 

12 
107 
191 

4582 
25 
65 
35 
65 
12 

1916 

--- 
__- 
92 

168 
115 
92 
70 

___ 
--- 
150193 

+5 PNdB TANDEM-ROTOR HELICOPTER 

Rate of 
Time Distance Weight Fuel V Climb 
(hr) (nmi) (Ib) (Ib) (kt) (ft/min) 

Taxi 

Takeoff 

Climb 
Cruise 
Descent 
Air Maneuver 
Descent 
Landing 
Taxi 
Reserve 

0 

0.017 
0.042 
0.101 
1.434 
1.451 
1.476 
1.492 
1.509 
1.526 
2.217 

0 

0 
0 
4.9 

198.20 
200 
200 
202 
202 
202 
250 

65 843 

65 832 
65 730 
65 499 
60 446 
60 428 
60 361 
60 326 
60 265 
60 253 
58 038 

11 

102 
23 1 

5053 
18 
67 
35 
61 
8 

2107 

_-- 
81 

145 
115 
80 
70 

___ 
___ 

140181 

-5 PNdB TANDEM-ROTOR HELICOPTER 

Rate of 
Time Distance Weight Fuel V Climb 
Ihr) (nmi) (Ib) (Ib) (kt) (ftlminl 

0 
0.017 
0.042 
0.083 

Taxi 
Takeoff 
Climb 

1.143 
1.164 
1.189 
1.206 
1.223 
1.240 
1.877 

Cruise 
Descent 
Air Maneuver 
Descent 
Landing 
Taxi 
Reserve 

0 
0 
0 
3.9 

197.6 
200 
200 
202 
202 
202 
250 

74 227 
74 213 
74 085 
73 885 
68 864 
68 833 
68 757 
68 716 
68 638 
68 623 
66 516 

15 
128 
200 

5021 
31 

1 76 
41 

78 
15 

2107 

95 
182 
115 
95 
70 

___ 

164196 
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The c r u i s e  speed of the  base l ine  tandem-rotor h e l i c o p t e r  is  1 6 8  
knots.  When t h e  lower no i se  requirement i s  imposed, t h e  speed in- 
creases d e s p i t e  t h e  l a r g e r  gross  weight of t he  -5 PNdB d e r i v a t i v e  
he l icopter :  t h e  speed inc reases  by 8 percent  t o  182 knots. The 
loss i n  c r u i s e  speed r e s u l t i n g  from re l ax ing  the  noise  l e v e l  by 
+5 PNdB i s  almost 1 4  percent ,  o r  a c r u i s e  speed of 145 knots.  

The c r u i s e  speeds r e s u l t i n g  from the  noise  design changes are re- 
f l e c t e d  i n  t h e  mission block times achieved. The base l ine  h e l i -  
copter  completes t h e  mission i n  1 hour and 20 minutes, t h e  +5 PNdB 
d e r i v a t i v e  takes  1 hour and 32 minutes, while t h e  -5 PNdB helicop- 
ter, the  f a s t e s t  of the  t h r e e  he l i cop te r s ,  completes t h e  mission 
i n  1 hour and 1 4  minutes. 

Basel ine and Noise Derivat ive VTOL Ti l t -Rotors  

Tables X I V  and XV g ive  d e t a i l s  of t h e  mission performance h i s t o r y  
f o r  t h e  base l ine  VTOL t i l t - r o t o r  a i r c r a f t  and i t s  noise  
de r iva t ives .  

The base l ine  VTOL t i l t - r o t o r  uses a t o t a l  mission f u e l  of 1433 
kilograms (3157 pounds). Allowing t h e  design noise  leve l  t o  in- 
c rease  by 5 PNdB r e s u l t s  i n  an a i r c r a f t  t h a t  has a b e t t e r  f u e l  
consumption, using only 1 4 0 4  kilograms (3095 pounds) of f u e l  t o  
complete the  mission. The -5 PNdB d e r i v a t i v e ,  on the  o the r  hand, 
uses 1 6 2 0  kilograms (3569 pounds) of f u e l ,  an inc rease  of 13  per- 
c e n t  over t h e  base l ine  a i r c r a f t .  

The f u e l  economy of t h e  base l ine  VTOL t i l t - r o t o r  i s  25.9 
passenger-km/kg (47.3 passenger-mi/gal) compared with an improved 
2 6 . 4  passenger-km/kg (48.3 passenger-mi/gal) f o r  t h e  +5 PNdB a i r -  
c r a f t  and a va lue  of only 22 .9  passenger-km/kg ( 4 1 . 9  passenger- 
mi/gal) f o r  t h e  q u i e t e r  -5 PNdB noise  d e r i v a t i v e  t i l t - r o t o r .  

5.2 VEHICLE PERFORMANCE 

This s e c t i o n  inc ludes  a d e s c r i p t i o n  of the  performance capabi l -  
i t ies  of t he  design p o i n t  a i r c r a f t  f o r  var ious  f l i g h t  condi t ions .  
The d i f f e r e n t  regimes of f l i g h t  are grouped i n t o  takeoff  and land- 
ing performance and performance i n  forward f l i g h t .  

Takeoff and Landing Performance 

Basel ine and noise  d e r i v a t i v e  tandem-rotor h e l i c o p t e r .  - The take- 
o f f  and landingper formance  of VTOL a i r c r a f t  is  expressed i n  t e r m s  
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TABLE XIV 
MISSION SUMMARIES FOR BASELINE AND NOISE DERIVATIVE 

VTOL TILT-ROTOR AIRCRAFT ( S  I UNITS) 

DESIGN POINT VTOL TILT-ROTOR 

Rate of 
Time Distance Weight Fuel V Climb 
(hr) fkml fkg) (kg) (kt) (mlsec) 

___ ___  0 0 33 905 
0.017 0 33 899 

33817 0 050 0 
0.121 23 33 632 
0.576 319 32 634 
0.672 37 1 32571 29 
0.697 371 32542 - 

0.705 374 32536 58 
32 478 

6 
0.730 374 
0.747 374 32 472 
1.228 463.2 31 787 

Taxi 6 
Takeoff 82 
Climb 

Cruise 998 351 

-__ ___ 
185 178 16.7 

__ - 
Descent 63 275 -1 0.6 

___  Air Maneuver 138 
Descent 6 255 
Landing 
Taxi 

Reserve 685 1431242 --- 

--_ 
-10.6 ___ 

-__ ___ 

I +5 PNdB VTOL TILT-ROTOR 

Rate of 
Time Distance Weight Fuel V Climb 
(hr) (km) (kg) fkg) fkt) (mlsec) 

I 

Taxi 
Takeoff 
Climb 
Cruise 
Descent 
Air Maneuver 
Descent 
Landing 
Taxi 
Reserve 

0 
0.01 7 
0.050 
0.120 
0.587 
0.683 
0.708 
0.716 
0.741 
0.757 
1.304 

0 
0 
0 

22.7 
319 
370 
370 
374 
374 
374 
463 

33 211 
33 205 
33 126 
32 950 
31 962 
31 901 
31 875 
31 870 
31 813 
31 807 
31 276 

6 
79 
176 
988 
61 
26 
5 
57 
6 

53 1 

___ -__ 
178 16.9 
34 1 
286 -10.6 
150 

--_ 

___ 
255 -10.6 
___ --_ 
-_- ___ 
1551224 --- 

-5 PNdB VTOL TILT-ROTOR 

Rate of 
Time Distance Weight Fuel V Climb 
(hr) (km) fkg) (kg) (kt) (mlsec) 

__- ___  7 Taxi 

96 Takeoff 

Climb 165 
Cruise 
Descent 
Air Maneuver 
Descent 
Landing 
Taxi 

Reserve 

0 0 36 143 
0 36 136 0.017 
0 36 040 0 050 

0 104 19 
34 713 0 553 315 

0 655 37 1 34 634 
0 680 37 1 34 606 
0 689 374 34 600 
0 714 3 74 34 532 

374 34 524 0.730 
1 268 463 33 885 

__- ___ 
22 190 
_ _ _  35875 1162 356 
-10 79 282 

28 152 ___  
6 255 - 9 7  

_ _ _  -__ 68 
8 

639 

_ _ _  _ _ _  
1541233 --- 
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TABLE XV 
MISSION SUMMARIES FOR BASELINE AND NOISE DERIVATIVE 

VTOL TILT-ROTOR AIRCRAFT (US. UNITS) 

DESIGN POINT VTOL TILT-ROTOR 

Rate of 
Time Distance Weight Fuel V Climb 

(nmi) 

Taxi 
Takeoff 
Climb 
Cruise 
Descent 
Air Maneuver 
Descent 
Landing 
Taxi 
Reserve 

0 
0.017 
0.050 
0.121 
0.576 
0.672 
0.697 
0.705 
0.730 
0.747 
1.278 

0 
0 
0 

12.45 
171.82 
200 
200 
202 
202 
202 
250 

74 749 
74 735 
74 556 
74 148 
71 948 
?1 809 
71 744 
71 732 
71 604 
71 590 
70 079 

14 
179 
408 

2200 
1 39 
65 
12 

128 
14 

151 1 

I +5 PNdB VTOL TILT ROTOR 

Rate of 
Time Distance Weight Fuel V Climb 
(hr) (nmil (Ib) (Ib) (kt) (ftlmin) 

Taxi 
Takeoff 
Climb 
Cruise 
Descent 
Air Maneuver 
Descent 
Landing 
Taxi 
Reserve 

0 
0.017 
0.050 
0.120 
0.587 
0.683 
0.708 
0.716 
0.741 
0.757 
1.304 

0 

0 
0 

172 
200 
200 
202 
202 
202 
250 

12.25 

73 217 
73 204 
73 030 
72 641 
70 463 
70 329 
70 271 
70 260 
70 135 
70 122 
68 951 

13 
1 74 
389 

2178 
134 
58 
11 

125 
13 

1171 

-5 PNdB VTOL TILT ROTOR 

Rate o 
Time Distance Weight Fuel V Climb 
(hrl (nmil (Ib) Ob) lkt)  (ftlmir 

Taxi 
Takeoff 
Climb 
Cruise 
Descent 
Air Maneuver 
Descent 
Landing 
Taxi 
Reserve 

0 
0.017 
0.050 
0.104 
0.553 
0.655 
0.680 
0.689 
0.7 14 
0.730 
1.268 

0 
0 
0 
9,98 

170 
200 
200 
202 
202 
202 
250 

79 682 
79 666 
79 455 
79 091 
76 530 
76 356 
76 294 
76 280 
76 130 
76 113 
74 710 

16 
21 1 
364 

256 1 
174 
62 
14 

150 
17 

1403 
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of t h e  gross  weight l i f t i n g  c a p a b i l i t y  i n  hover, For any given 
hover condi t ion,  t he  n e t  l i f t - to -weight  r a t i o  is held greater than 
uni ty  i n  order  t h a t  a margin of t h r u s t  (or power) is a v a i l a b l e  f o r  
v e r t i c a l  climb, maneuvering, and cont ro l .  

Figure 1 4  summarizes t h e  hover c a p a b i l i t y  of the  t h r e e  tandem- 
r o t o r  h e l i c o p t e r s ,  showing t h e  v a r i a t i o n  with ambient temperature 
and a l t i t u d e  f o r  t h e  case of a l l  engines operat ing.  The degrada- 
t i o n  of hover c a p a b i l i t y  wi th  temperature and a l t i t u d e ,  which is 
l a r g e l y  due to  t h e  e f f e c t  of t hese  parameters on engine perform- 
ance,  is  almost i d e n t i c a l  for  t h e  t h r e e  he l i cop te r s .  The capabi l -  
i t y  a t  high power levels is l imi t ed  by t h e  torque ca r ry ing  capac i ty  
of t h e  transmission. 

The one engine inopera t ive  ( O E I )  hover c a p a b i l i t y  is  shown i n  
Figure 15.  The design condi t ion ,  which is  a t  sea level  and a t e m -  
pe ra tu re  of 32OC (9O0F) is ind ica t ed  on each graph by a circle.  
A t  t h e  design condi t ion,  t h e  hover c a p a b i l i t y  i s  exac t ly  equal t o  
t h e  design g ross  weight. Again, the  degradat ion of performance 
with ambient condi t ions  is t h e  same for  each of t h e  t h r e e  h e l i -  
copters .  For t h e  range of v a r i a b l e s  considered, t h e  t ransmission 
capac i ty  i s  n o t  a l i m i t i n g  factor when opera t ing  OEI. 

The hover performance curves i n d i c a t e  t h a t  l i f t i n g  c a p a b i l i t i e s  
f a r  i n  excess of t h e  design gross  weight are poss ib l e  f o r  a l l  of 
t he  h e l i c o p t e r s  under c e r t a i n  condi t ions.  These c a p a b i l i t i e s  can- 
not  be u t i l i z e d  as a d d i t i o n a l  gross weight, however, as t h e  take- 
o f f  g ross  weight is  limited by t h e  design load f a c t o r .  The excess  
c a p a b i l i t y  could be used f o r  a d d i t i o n a l  maneuverabili ty o r  in- 
creased vertical  ra te  of climb. 

A s i g n i f i c a n t  i nc rease  i n  hover c a p a b i l i t y  is  achieved by operat-  
ing i n  ground e f f e c t .  Again t h e  excess c a p a b i l i t y  is not  useable  
as payload, bu t  may be used f o r  more a g i l i t y  c l o s e  to  the  ground 
o r  as a ground cushion i n  a landing f la re .  

Basel ine and noise  d e r i v a t i v e  VTOL t i l t - ro to r  a i r c r a f t .  - The take- 
o f f  and landinq performance of t he  VTOL t i l t - r o t o r  a i r c r a f t  i s  
presented i n  Fighres  1 6  and 1 7  f o r  the  cases of a l l  engines oper- 
a t i n g  and one engine inopera t ive ,  r e spec t ive ly .  The design condi- 
t i o n  is shown on t h e  graphs for  t h e  OEI case; a t  t h i s  p o i n t  t h e  
hover c a p a b i l i t y  i s  exac t ly  equal  t o  the  design gross  weight. A s  
f o r  t h e  h e l i c o p t e r s ,  t h e r e  is an excess of hover c a p a b i l i t y  due t o  
t h e  fac t  t h a t  t h e  a i r c r a f t  w e r e  s i zed  t o  hover OEI a t  sea l e v e l  

I 32OC (90OF). Again t h i s  excess c a p a b i l i t y  cannot be employed t o  
c a r r y  payload or e x t r a  f u e l .  

STOL t i l t - ro to r  a i rc raf t .  - Since t h e  takeoff  and landing perform- 
ance of STOL a i r c r a f t  depends s t rong ly  on the  manner i n  which 
these  maneuvers are executed, t h e  groundrules governing t h e i r  
es t imat ion  are presented i n  Table XVI.  The r e s u l t i n g  performance 
l e v e l s  and takeoff  and landing f i e l d  l eng ths  are shown i n  F igures  
18  and 1 9  as they vary with c e r t a i n  important parameters. 
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Figure 14. Effect of Ambient Temperature and Altitude on Hover Performance of Tandem- Rotor 
Helicopter with All Engines Operating 
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TABLE X V I  
TAKEOFF AND LANDING GROUND RULES FOR STOL TILT-ROTOR AIRCRAFT 

TAKEOFF 
(Sea level, 90°F) 

Acceleration: Rolling friction coefficient, p = 0.03 
All engines operating 

L i f to f f  speed: V L o ~  > 1.05 (VMCA and VMCG) 

Rotation: 8 deg/sec maximum 

Climbout conditions to  35- f t  obstacle: 

0 AEO: Climb gradient 2 6.7%(15: 1) 
(gear down) 

e OEl: Climb gradient > 6.7% (15: 1) 
(gear UP) 

OL < (LISTALL - 10') 
(gear down) 

Speed a t  obstacle: 

Factors for field length: 

1.15for AEO 
1.00 for engine cut a t  l i f tof f  
1 .OO for accelerate-stop 

LAND I NG 
(Sea level, 90°F) 

Approach speed: (Speed at 35- f t  obstacle) 

Landing ci im bou t gradient : 

e AEO: Climb gradient = 3.33% (30: 1 ) 
(gear down) 

e OEl: Climb gradient = 3.33% (30 : l )  

Flight path from 35 ft: 
(gear UP) 

Maximum rate of descent at 35 f t  = 800 fpm 
Maximum rate of descent a t  touchdown = 300 fpm 

Rotation: 8 deglsec maximum 

Deceleration: 1 sec time delay 
Braking friction coefficient, p = 0.35 
0.49 maximum deceleration on ground 

Factor for field length: 

Landing distance from 35 f t  divided by 0.7 .- 
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Most of t h e  groundrules i n  Table XVI are self-explanatory,  bu t  
those re ' l a ted  to  l i f t o f f  and approach speeds and those  def in ing  
f i e l d  length  w i l l  be explained here. The s t a l l  margin on angle  of  
a t t a c k  is  t o  prevent  sudden changes of l i f t  t h a t  r e q u i r e  l a r g e  
r ap id  c o n t r o l  app l i ca t ions .  

The minimum c o n t r o l  speeds V ~ ~ C A  (a i r )  and VMCG (ground) w e r e  men- 
t ioned merely f o r  convention; i n  t h i s  contex t  they have l i t t l e  
s ign i f i cance .  The con t ro l  of  t h e  a i r c r a f t  a t  very l o w  speeds i s  
e f f e c t e d  by means of rotor c y c l i c  p i t c h ,  d i f f e r e n t i a l  c y c l i c  
p i t c h ,  and d i f f e r e n t i a l  collective p i t c h  adjustments,  A s  speed 
is  increased t h e  normal f l i g h t  c o n t r o l s  are phased i n  so t h a t  a t  
c r u i s e  speed conventional c o n t r o l  su r f aces  are s u f f i c i e n t .  The 
c o n t r o l  system design is an e x e r c i s e  beyond t h e  scope of t h i s  
study, and it is  s u f f i c i e n t  to  note  t h a t  enough c o n t r o l  can-be 
designed i n t o  the  system a t  any given minimum speed, The VTOL 
t i l t - r o t o r  is, of course,  c o n t r o l l a b l e  a t  a l l  speeds down t o  t h e  
hover condi t ion.  

Three e v e n t u a l i t i e s  are considered i n  determining t h e  takeoff 
f i e l d  length.  F i r s t ,  a completely normal takeoff  is assumed and 
t h e  d i s t ance  t o  achieve a wheel he igh t  of 10 .67  meters (35 f e e t )  
is  est imated.  Second, an estimate is made of t he  d i s t a n c e  to  
achieve 10.67 meters (35 f e e t )  above t h e  ground i n  t h e  event  t h a t  
one engine f a i l s  a t  t h e  l i f t o f f  po in t .  Emergency opera t ion  of t h e  
remaining t h r e e  engines a t  a 9-percent increased power level is  
assumed. I n  t h e  t h i r d  case, t h e  d i s t a n c e  covered when t h e  takeoff  
is aborted a t  t h e  l i f t o f f  p o i n t  i s  est imated.  The c a l c u l a t i o n  as- 
sumes t h e r e  is a one-second t i m e  delay between the  l i f t o f f  p o i n t  
and t h e  a p p l i c a t i o n  of brakes and t h a t  an average dece le ra t ion  of 
0.35g may be achieved on the  ground. The takeoff  f i e l d  length  is  
then def ined as t h e  m o s t  c r i t i ca l  of 115 percent  of the  normal 
takeoff  d i s t ance ,  t he  engine o u t  a t  l i f t o f f  d i s t ance ,  and the  
acce lera te -s top  d i s t ance .  

The landing f i e l d  length  is  simply a factor of t h e  d i s t a n c e  re- 
qui red  t o  land f r o m  1 0 . 6 7  m e t e r s  (35 feet) .  This factor is 1/0.7, 
allowing for  v a r i a t i o n s  i n  p i l o t  technique, l o c a l  condi t ions ,  etc. 

The upper p a r t  of Figure 1 8  shows the  takeoff  performance ( f i e l d  
length)  as it v a r i e s  with r o t a t i o n  speed, ambient condi t ions ,  
g ross  weight, and nace l l e  incidence.  On each graph t h e  s e l e c t e d  
design condi t ion  has been ind ica ted .  

Figure 18 shows t h e  v a r i a t i o n  with r o t a t i o n  speed of the  takeoff  
d i s t ance  t o  35 f e e t  with a l l  engines opera t ing  and t h e  t h r e e  can- 
d i d a t e  d i s t ances  for  f i e l d  length .  I t  w i l l  be seen t h a t  t he  de- 
s ign condi t ion  lies c l o s e  t o  the  minimum f i e l d  l eng th  def ined by 
t h e  i n t e r s e c t i o n  of t h e  acce lera te -s top  and one-engine-out d i s -  
tances ,  The a i rcraf t  can apparent ly  ope ra t e  from a 609.6-meter  
(2000-foot) f i e l d  with a wide to l e rance  on the  r o t a t i o n  speed. 
The design l i f t o f f  speed of 7 1  knots,  however, is t h e  minimum 
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speed a t  which s u f f i c i e n t  moment i s  obtained from t h e  ho r i zon ta l  
t a i l  t o  r o t a t e  t h e  a i r c r a f t  about i t s  main landing gear.  

The performance degrades wi th  a l t i t u d e  and with temperature,  and 
t h e  e f f e c t  of increas ing  gross  weight is also adverse as shown i n  
Figure 18.  Figure 18  a l s o  shows t h a t  t he  a i r c ra f t  could takeoff  
w i th in  t h e  609.6-meter  (2000-foot) f i e l d  length  a t  gross  weights 
higher  than t h e  design value,  but  t h i s  does not  happen i n  p r a c t i -  
cal  cases as  t h e  load f a c t o r  l i m i t a t i o n  would be exceeded. 

The v a r i a t i o n  of takeoff  d i s t ance  with r o t o r  n a c e l l e  incidence i s  
given i n  Figure 18 .  The design condi t ion  w a s  chosen t o  be near  
optimum with r e spec t  t o  n a c e l l e  incidence.  

The landing performance, as shown i n  Figure 1 9  i s  degraded by in-  
c reas ing  a l t i t u d e  and temperature and by increas ing  gross  weight. 
The maximum landing weight is cons t ra ined  to  be no g r e a t e r  than 
t h e  takeoff gross  weight. 

The e f f e c t  of n a c e l l e  angle  on landing performance is  shown i n  
Figure 1 9 .  The design condi t ion  i s  f a r  from t h e  apparent  optimum 
incidence s e t t i n g ;  however, i n  order  to  land with a lower n a c e l l e  
s e t t i n g  fuse lage  a t t i t u d e  would have t o  be increased t o  an abnor- 
mally nose-high a t t i t u d e .  Such a landing conf igura t ion  would be 
imprac t ica l  because of t h e  unwieldly landing gear t h a t  would be 
requi red  and t h e  poor p i l o t  v i s i b i l i t y  t h a t  would r e s u l t .  

Forward F l i g h t  Performance 

The economics of a i r c r a f t  opera t ions  are d i c t a t e d  t o  a l a r g e  ex- 
t e n t  by t h e  forward f l i g h t  e f f i c i e n c y  of t h e  configurat ion.  During 
t h e  s tudy t h e  veh ic l e  conf igura t ions  and performance w e r e  optimized 
t o  achieve high forward f l i g h t  speed to  minimize d i r e c t  opera t ing  
costs, a i r c r a f t  s i z e ,  and i n i t i a l  a c q u i s i t i o n  c o s t s .  The optimi- 
za t ion  s tudy had t h e  minimum d i r e c t  opera t ing  c o s t  requirement as  
t h e  primary ob jec t ive .  The d e t a i l s  showing the  impact of c r u i s e  
a l t i t u d e ,  design c r u i s e  speed, and fundamental conf igura t ion  param- 
eters on d i r e c t  opera t ing  costs are d e t a i l e d  i n  References 1 and 3. 

R a t e  of  Climb Performance 

Climb performance as a func t ion  of a l t i t u d e  is  given i n  F iga re  23 
( f a r  t h e  base l ine  v e h i c l e s ) .  D a t a  f o r  condi t ions  of a l l  engines 
opera t ing  and one engine inopera t ive  a t  design g ross  weight and 
opera t ing  weight empty are shown. This  performance is  c a l c u l a t e d  
with t h e  engines  a t  t h e  30-minute-rating power level. The da ta  
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f o r  t h e  t i l t - r o t o r  veh ic l e s  show the  climb performance a t  a fuse- 
lage  a t t i t u d e  r e s t r i c t e d  t o  20° i n  add i t ion  t o  the  maximum climb 
c a p a b i l i t y ,  

A t  design g ross  weight a t  sea level  condi t ion,  t h e  tandem-rotor 
h e l i c o p t e r  climb c a p a b i l i t y  is  1082 m/min (3550 f t /min) ,  t h e  VTOL 
t i l t - r o t o r  is  1 4 0 2  m/min (4600 f t /min ) ,  and t h e  STOL t i l t - r o t o r  is 
914 m/min (3000 f t /min) .  The rate of climb advantage f o r  t h e  VTOL 
t i l t - r o t o r  r e s u l t s  from i ts  lower minimum power requi red  and i t s  
g r e a t e r  i n s t a l l e d  power. The reduced i n s t a l l e d  power of t h e  STOL 
t i l t - ro tor  i s  r e f l e c t e d  i n  i t s  re ced rate of climb relative to  
t h e  VTOL t i l t - ro tor .  

Climb performance of t h e  noise  cr i ter ia  d e r i v a t i v e  h e l i c o p t e r s  is  
given i n  Figure 21.  The -5 PNdB h e l i c o p t e r ' s  ra te  of climb is  i m -  
proved relative to  t h e  base l ine  v e h i c l e  by 1 2 2  m/min (400 f t /min ) ,  
while t h e  +5 h e l i c o p t e r ' s  is  reduced by 1 2 2  m/min (400 ft /min) a t  
sea level .  This is a r e s u l t  of t h e  changes t o  the  induced power 
of t h e  r o t o r  due t o  higher  and lower r o t o r  s o l i d i t y  used t o  o b t a i n  
the  takeoff  no ise  l e v e l s  and maintain an adequate maneuver margin 
i n  c r u i s e .  

Climb performance of the  noise  d e r i v a t i v e  VTOL t i l t - ro to r s  is 
given i n  Figure 22 .  A comparison of t hese  da t a  wi th  the  b a s e l i n e  
VTOL a i r c r a f t  i n d i c a t e s  t h a t  t he  -5 PNdB a i r c ra f t  has t h e  same 
rate of climb c a p a b i l i t y  a t  design g ross  weight as the  base l ine ,  
while  t h e  q u i e t e r  -5 PNdB a i rc raf t  has a 213 m/min (700 f t /min)  
improvement. This i s  because t h e  q u i e t e r  veh ic l e  has increased 
i n s t a l l e d  power while t h e  n o i s i e r  v e h i c l e  has e s s e n t i a l l y  t h e  same 
i n s t a l l e d  power as t h e  base l ine  VTOL t i l t - r o t o r .  

Cruise  Performance 

C r u i s e  performance as ind ica t ed  by the  veh ic l e  s p e c i f i c  range i s  
shown i n  Figures  23 through 25. These da t a  for  t h e  h e l i c o p t e r s  
*are f o r  sea level and 1524-meter (5000-foot) a l t i t u d e s ,  s tandard  
'day condi t ions .  For the  STOL and VTOL t i l t - r o t o r ,  da t a  i s  calcu- 
l a t e d  f o r  1524-meter (5000-foot) and 4267-me te r  (14  000-foot) 
altitudes. A l l  da t a  are for  al l -engines-operat ing condi t ions.  

Figure 23 shows t h a t  the  base l ine  h e l i c o p t e r  has a peak s p e c i f i c  
range a t  design gross  weight of 0.077 km/kg (0.065 n mi/ lb) .  The 
comparable value f o r  t h e  VTOL t i l t - ro to r  i s  0.0947 km/kg (0.080 
n mi / lb) ,  while t h e  STOL t i l t - r o t o r  has a peak value of 0.122 km/kg 
(0.103 n m i / l b ) .  This comparison a t  1524 meters (5000 feet) i s  
i n d i c a t i v e  of  t h e  conf igura t ion  c h a r a c t e r i s t i c s .  The 2 : l  ra t io  of 
t h e  VTOL t i l t - r o t o r  compared t o  the  tandem-rotor h e l i c o p t e r  is a 
r e s u l t  of t h e  advantage of the  t i l t - ro to r  i n  c r u i s e  l i f t - t o -d rag  
ra t io .  
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The STOL t i l t - r o t o r  has a higher s p e c i f i c  range than the  VTOL 
t i l t - r o t o r  due t o  an improved l i f t - t o -d rag  ra t io ,  higher a s p e c t  
r a t i o ,  and lower s p e c i f i c  f u e l  consumption t h a t  r e s u l t s  f r o m  l o w e r  
i n s t a l l e d  power and h igher  power f r a c t i o n s  i n  c r u i s e .  

The s p e c i f i c  range performance of t h e  noise  c r i te r ia  d e r i v a t i v e  
a i r c r a f t  are shown i n  Figures  24  and 25. The f u e l  consumption of 
t h e  $5 PNdB vehic le  i s  s l i g h t l y  w o r s e  than the base l ine  a i r c r a f t  
f o r  both h e l i c o p t e r  and t i l t - r o t o r  conf igura t ions .  

The l e v e l  f l i g h t  maximum speed as a func t ion  of c r u i s e  a l t i t u d e  
da t a  is given i n  Figures  26 through 28. These d a t a  are f o r  t h e  
veh ic l e s  opera t ing  a t  normal r a t e d  power s e t t i n g ,  r o t o r  c r u i s e  
rpm, and design gross  weight and opera t ing  weight empty. Speed 
c a p a b i l i t y  wi th  a l l  engines opera t ing  and one engine inope ra t ive  
i s  presented.  

The base l ine  h e l i c o p t e r  a t  a design gross  weight of 30 470  k i lo-  
grams ( 6 7  175 pounds) can  achieve 165 knots a t  t h e  design c r u i s e  
a l t i t u d e  of 1524 meters (5000 f e e t ) .  With one engine inope ra t ive  
t h e  speed a t t a i n a b l e  i s  148 knots.  A t  t h i s  a l t i t u d e  the  m a x i m u m  
speed achieved i s  1 8 1  knots  a t  opera t ing  weight empty. 

The base l ine  VTOL t i l t - r o t o r  maximum l e v e l  f l i g h t  speed is  346 
knots a t  design gross  weight and 4267 m e t e r s  ( 1 4  000 f e e t ) .  Below 
t h i s  a l t i t u d e  speed is  l imi t ed  by t h e  t ransmission torque capac i ty .  
With one engine inopera t ive ,  t h e  m a x i m u m  speed i s  reduced t o  304 
knots.  

A t  design g r o s s  weight, t h e  STOL t i l t - r o t o r  has a maximum speed 
with a l l  engines opera t ing  of 310 knots a t  4267 m e t e r s  ( 1 4  000 
feet) . ,  Below t h i s  a l t i t u d e  the  speed i s  l imi t ed  by t h e  transmis- 
s ion  torque c a p a b i l i t y  and above t h i s  a l t i t u d e  by the  normal r a t e d  
power ava i l ab le .  A t  t h e  opera t ing  empty weight, the  t ransmission 
l i m i t  extends t o  an a l t i t u d e  of 4 4 2 0  meters ( 1 4  500 f e e t ) ,  and t h e  
maximum speed is 326 knots  with a l l  engines opera t ing .  

With one engine inopera t ive ,  t h e  c r u i s e  performance i s  n o t  t rans-  
mission l imi t ed  a t  any a l t i t u d e .  A t  design gross  weight t h e  
maximum speed with one engine inope ra t ive  of 270 knots occurs  a t  
sea l e v e l .  The reduct ion  i n  speed c a p a b i l i t y  a t  higher  a l t i t u d e s  
r e f l e c t s  t h e  degradat ion of engine performance (power a v a i l a b l e )  
with a l t i t u d e .  

The increased speed of t h e  t i l t - r o t o r  a i r c r a f t  over t h e  h e l i c o p t e r  
i s  a r e s u l t  of t he  l i f t - t o -d rag  advantage and t h e  high propuls ive  
e f f i c i e n c y  of t h e  t i l t - r o t o r .  The VTOL tilt r o t o r ’ s  38 knot  ad- 
vantage over t h e  STOL v e h i c l e  r e s u l t s  from the  higher  i n s t a l l e d  
power requi red  by the  hover takeoff  s i z i n g  c r i t e r i o n .  

The speed-a l t i tude  performance of t h e  noise  d e r i v a t i v e  h e l i c o p t e r s  
i s  given i n  Figure 27.  These da t a  i n d i c a t e  t h a t  t he  q u i e t e r  
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h e l i c o p t e r  c r u i s e  speed is increased by 1 9  knots a t  c r u i s e  a l t i -  
tude while t h e  n o i s i e r  v e h i c l e  i s  reduced 20 knots  re la t ive to  t h e  
base l ine  a i r c r a f t .  

N o i s e  d e r i v a t i v e  t i l t - ro tor  a i r c r a f t  speed-a l t i tude  performance 
is  given i n  Figure 28. These veh les e x h i b i t  t h e  same e f f e c t  of 
no ise  cr i ter ia  on l e v e l  f l i g h t  speed c a p a b i l i t y  as  do the  h e l i -  
cop te r s ;  namely, t he  q u i e t e r  veh ic l e  is somewhat f a s t e r  and t h e  
no i s i e r  veh ic l e  somewhat slower than t h e  base l ine  VTOL t i l t - r o t o r .  
The normal-rated-power speeds a r e  28  knots re la t ive t o  t h e  base- 
l i n e  veh ic l e  a t  design g ross  weight and 4267 meters ( 1 4  000 f e e t )  
c r u i s e  a l t i t u d e .  

6. EXTERNAL NOISE 

Noise p o l l u t i o n  i s  one of t h e  most important parameters t o  be con- 
s ide red  i n  a s ses s ing  community acceptance of f u t u r e  a i r  v e h i c l e s  
f o r  commercial operat ion.  This is  e s p e c i a l l y  t r u e  of veh ic l e s  
which, by v i r t u e  of t h e i r  V/STOL performance, can opera te  from 
dispersed  te rmina ls  c l o s e  t o  areas of high populat ion dens i ty .  

Several  d i f f e r e n t  measures of assess ing  noise  p o l l u t i o n  have been 
suggested,  and no un ive r sa l ly  accepted method e x i s t s .  I n  o rde r  t o  
provide a da t a  base from which f u t u r e  comparisons can be drawn, 
t h e  e x t e r n a l  no ise  l e v e l s  of the  a i r c r a f t  have been assessed  i n  
t h r e e  ways. The fundamental sound pressure  l e v e l  spec t ra  are pre- 
sented a t  t h e  s t a t i c  t h r u s t  o r  maximum noise  condi t ion ,  and the  
corresponding perceived noise  l e v e l  i s  computed a t  a 152.4-meter 
(500-foot) s i d e l i n e  d i s t ance .  The noise  f o o t p r i n t  a r eas  o r  con- 
tou r s  during takeoff  and landing have a l s o  been est imated,  and 
f i n a l l y  t h e  perceived noise  t i m e  h i s t o r i e s  along t h e  v e h i c l e  
f l i g h t  pa th  are shown. 

6 . 1  EXTERNAL NOISE COMPARISON OF BASELINE CONFIGURATIONS 

The sound pressure  l e v e l  spec t r a  f o r  t h e  t h r e e  base l ine  configura- 
t i o n s  a r e  shown In Figure 29.  These da t a  a r e  ca l cu la t ed  a t  a 
152.4-meter (500-foot) s i d e l i n e  d i s t a n c e  i n  hover o r  a t  takeoff  
condi t ions.  The o v e r a l l  sound pressure  l e v e l  f o r  t he  tandem-rotor 
h e l i c o p t e r  is set f o r  most of the  frequency range by t h e  rotor t o  
broadband noise ,  though a t  the  very low frequencies  the  r o t o r  ro ta -  
t i o n a l  n o i s e  becomes dominant. Thus, t h e  92.3 PNdB value a t  152.4- 
m e t e r  (500-foot) s i d e l i n e  is set pr imar i ly  by rotor noise .  
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Unless s p e c i a l  no ise  suppression measures are adopted, t h e  engine 
i n l e t  no ise  becomes dominant i n  the  4 kHz to  8 kHz octave bands. 
The engine i n l e t  is t h e r e f o r e  assumed t o  be t r e a t e d  f o r  no ise  re- 
duct ion by i n s t a l l i n g  acous t i c  absorp t ion  l i n i n g s .  The i n l e t  
absorp t ion  l i n i n g  has been tuned t o  t w o  bands with c e n t e r s  of f r e -  
quencies a t  4 kHz and 8 kHz. This matched t h e  engine s i g n a t u r e  t o  
t h a t  of t h e  rotor such t h a t  the r o t o r  s i g n a t u r e  sets t h e  perceived 
noise  level value.  

The noise  s p e c t r a  f o r  t h e  VTOL t i l t - ro to r  veh ic l e ,  Figure 29, 
shows very s i m i l a r  c h a r a c t e r i s t i c s .  The rotor  broadband noise  is 
aga in  t h e  predominant con t r ibu t ion  t o  the  noise  level. The engine 
i n l e t  no ise  is  considered t o  be suppressed by absorbt ion l i n i n g s  
i n  t h i s  case also. The increase  i n  t ipspeed  and blade loading and 
t h e  reduct ion  i n  s o l i d i t y  of t h e  t i l t - r o t o r  compared with t h e  
tandem-rotor h e l i c o p t e r  r e s u l t  i n  higher  sound pressure  levels and 
a higher  perceived noise  level 98.2 PNdB a t  152.4-meter (500-foot) 
s i d e l i n e  i n  hover. 

The STOL t i l t - r o t o r  v e h i c l e  w a s  considered a t  t h e  s t a r t  of t h e  
takeoff  r o l l  (i.e.,  maximum t h r u s t )  i n  order  to  provide a compari- 
son. The sound p res sc re  l e v e l  iiata, shown i n  Figure 29 ,  i n d i c a t e  
t h e  s a m e  fundamental spectrum shape and increased  sound p res su re  
l e v e l s .  This i s  due t o  a f u r t h e r  i nc rease  i n  t ipspeed  and reduc- 
t i o n  i n  s o l i d i t y ,  by comparison wi th  t h e  t i l t - ro to r ,  a l though t h e  
reduct ion  i n  t h r u s t  loading has a b e n e f i c i a l  effect. 

An a l t e r n a t e  method of comparison of no ise  annoyance of t h e  t h r e e  
a i r c r a f t  types  i s  t o  examine t h e  area over which high no i se  levels 
w i l l  be experienced i n  takeoff  and landing. The contour p l o t s  of 
cons tan t  perceived noise  levels  are shown f o r  t h e  t h r e e  b a s e l i n e  
a i r c r a f t  i n  Figure 30 .  Although the  tandem-rotor h e l i c o p t e r  has a 
lower perceived noise  l e v e l  a t  152-meter (500-foot) s i d e l i n e  i n  
hover than e i t h e r  of t h e  t i l t - r o t o r  conf igura t ions ,  t he  noise  pol- 
l u t i o n  area is  s i g n i f i c a n t l y  worse. Severa l  factors inf luence  
t h i s  comparison. On takeoff  t h e  veh ic l e  rate of climb has  a l a r g e  
impact on t h e  area of t h e  contours.  The t i l t - ro to r  veh ic l e s  bene- 
f i t  from this by v i r t u e  of super ior  climb performance compared 
with t h e  he l i cop te r .  

The landing cases are performed a t  t h e  same descent  ra te  f o r  a l l  
t h r e e  conf igura t ions  al though the  s o m e  v a r i a t i o n s  occur i n  t h e  
las t  152.4-meter (500-feet) of a l t i t u d e  as a func t ion  of f l a r e  
requirements and mode of landing. The t w o  t i l t - r o t o r  configura- 
t i o n s  have l o w e r  no ise  areas i n  t h i s  case p r imar i ly  r e s u l t i n g  f r o m  
t h e  v a r i a t i o n  of n a c e l l e  incidence i n  t h e  descent  and t h e  corre- 
sponding rpm changes. 

The tandem-rotor h e l i c o p t e r  r o t o r  a t t i t u d e  is f a i r l y  cons tan t ,  by 
comparison, and t h e  d e f i n i t e  d i r e c t i o n a l i t y  of t h e  rotor noise  
e longates  t h e  ground noise contours.  I n  the  t i l t - r o t o r  cases, t h e  
a i r c r a f t  a r e  q u i e t  i n  t h e  c r u i s e  mode (i.e., n a c e l l e s  down) and 
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t h e  noise  l e v e l  increases  as tha nacelle incidence and r o t o r  
t h r u s t  are increased t o  t h e  landing condi t ions .  

The takeoff  and landing p r o f i l e s  a r e  shown i n  Figures  31 and 32, 
and t i m e  h i s tor ies  of perceived n o i s e  along the  a i r c r a f t  f l i g h t  
pa th  a r e  included. The peak noise  values  of t h e  perceived noise  
t i m e  h i s t o r i e s  f a l l  o f f  fas te r  f o r  t h e  t i l t - r o t o r  than f o r  t h e  
h e l i c o p t e r  on takeoff .  This i s  aga in  due t o  conversion and t i le 

low noise  l e v e l  of t h e  t i l t - r o t o r  conf igura t ion  i n  c r u i s e .  The 
r eve r se  of t h i s  procedure on landing shows as a sharp rise i n  peak 
noise  level  during conversion t o  t h e  landing case, and explains  
t h e  s h o r t e r  n o i s e  contours of t he  t i l$ . - ro tor  a i r c r a f t .  

6 .2  EXTERNAL NOISE CRITERIA DERIVATIVE DESIGNS 

The noise  d e r i v a t i v e  a i r c r a f t  w e r e  designed to  be 5 PNdB more and 
less noisy t h m  the  baselirie a ? - r c r a f t  a t  t h e  152.4-meter (500- 
f o o t )  s i d e l i n e  d i s t a n c e  i n  hover. The sound p res su re  l e v e l  da t a  
i n  t h i s  condi t ion  f o r  t h e  t h r e e  tandem-rotor h e l i c o p t e r s  is shown 
i n  Figure 33. The o v e r a l l  sound p res su re  l e v e l s  are set p r imar i ly  
by t h e  broadband r o t o r  noise .  The increased r o t o r  t ipspeed and 
s o l i d i t y  of t h e  +5 PNdB tandem-rotor h e l i c o p t e r  increases  t h e  
broadband and r o t a t i o n a l  no ise  components and r e s u l t s  i n  a higher  
sound pressure  l eve l .  The impact of t h e  higher  frequency end of 
t h e  spectrum plays  the  l a r g e s t  role i n  increas ing  the  perceived 
noise  l e v e l  as a r e s u l t  of t he  NOY weighting. 

The -5 PNdB tandem-rotor h e l i c o p t e r  has reduced t ipspeed  and 
increased s o l i d i t y .  These e f f e c t s  reduce the  broadband noise  
e s p e c i a l l y  i n  t h e  high-frequency range and account f o r  t h e  5 P3d3 
decrease i n  s t a t i c  t h r u s t  no ise  level. 

The base l ine  VTOL t i l t - r o t o r  and t h e  t w o  noise  d e r i v a t i v e  tilt- 
r o t o r s  a r e  compared on t h e  same b a s i s  i n  Figure 34. The charac- 
ter is t ics  are much t h e  s a m e  a s  the  tanden-rotor h e l i c o p t e r  
veh ic l e s  with the  inc rease  and decrease i n  sound pressure  l e v e l  
and perceived noise  level being d i c t a t e  by the  v a r i a t i o n s  i n  
t ipspeed and s o l i d i t y .  

The perceived n.)i?e l e v e l  contours on takeoff and landing f o r  both 
tandem-rotor h e l i c o p t e r s  and VTOL t i l t - r o t o r s  a r e  compared i n  Fig- 
ures  35 and 36. The a rea  included i n  t h e  cons tan t  no ise  contour 
decreases  as  t h e  s ta t ic  perceived no i se  l e v e l  decreases .  

The areas enclosed by t h e  95 PEdB contours  f o r  t h e  t i l t - r o t o r  a i r -  
c r a f t  are about t h e  same s i z e  o r  a l i t t l e  l a r g e r  than f o r  t h e  
tandem-rotor h e l i z o p t e r s ,  3s >.1?IOFJri i n  Table X V I I  . I n  the  landing 
case ,  t h e  areas a r e  much less f o r  t h e  t i l t - r o t o r  a i r c r a f t  than f o r  
t he  tandem-rotor h e l i c o p t e r .  
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TABLE XVil  

ON TAKE OFF AND LANDING 
AREA ENCLOSED BY A 95 PNdB CONTOUR 

Configuration Takeoff Landing 

(sq km)(sq mi) (sq km)(sq mi 
Baseline helicopter 0.18 0.07 1.39 0.535 

t 5  PNdB helicopter 0.49 0.19 2.28 0.88 
-5 PNdB helicopter 0.03 0.01 0.76 0.295 

Baseline t ilt-rotor 0.23 0.09 0.39 0.15 
+5 PNdB tilt-rotor 0.49 0.19 0.75 0.29 
-5 PNdB tilt-rotor 0.08 0.03 0.18 0.07 

STOL til t-rotor 0.3 0.115 0.36 G.14 
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7. GUST SENSITIVITY 

I n  commercial opera t ion  t h e  r i d e  q u a l i t i e s  of t h e  a i r c r a f t  t ake  
on a l a r g e r  s i g n i f i c a n c e  than i n  m i l i t a r y  opera t ion ,  for  which 
c u r r e n t  rotary-wing v e h i c l e s  are p r imar i ly  designed. This,  cou- 
pled with t h e  r e l a t i v e l y  l o w  opera t ing  a l t i t u d e s  f o r  t h e s e  a i r -  
c ra f t ,  r e q u i r e s  a l o w  s e n s i t i v i t y  to  g u s t s  and turbulence.  The 
a c c e l e r a t i o n  response of t h e  des ign -veh ic l e s  due t o  g u s t  d i s tu rb -  
ances  i s  compared i n  Figure 37 a t  t h e i r  c r u i s e  v e l o c i t i e s  and 
a l t i t u d e s .  Since the  veh ic l e  response i s  a func t ion  of weight, a 
range is  shown from opera t ing  weight empty t o  design gross  weight. 
The tandem-rotor h e l i c o p t e r  has a r e l a t i v e l y  l o w  response compared 
with t h e  t i l t - ro to r s  due, for  the  m o s t  p a r t ,  t o  i t s  lower c r u i s e  
speed. Both t i l t - r o t o r  a i r c r a f t  have higher  response ' s  than t h e  
c r i t e r i a  l i n e  e s t a b l i s h e d  by NASA. These v e h i c l e s  would r e q u i r e  a 
d i r e c t  l i f t  c o n t r o l  system to reduce t h i s  g u s t  s e n s i t i v i t y .  A 
prel iminary a n a l y s i s  of such a c o n t r o l  system w a s  performed and 
e s t a b l i s h e d  t h a t  t he  c o n t r o l  requirements i n  t e r m s  of a c t u a t o r  
response and a u t h o r i t y  w e r e  w e l l  wi th in  t h e  design ranges normally 
a v a i l a b l e  f o r  con t ro l .  This system needs t o  be developed, and it 
should include t h e  r o t o r  con t ro l s  a s  w e l l  a s  t h e  wing. I n  t h i s  
area t h e  tandem h e l i c o p t e r  has an advantage over t h e  t i l t - r o t o r .  

8. COSTS 

The i n i t i a l  o r  flyaway c o s t s  and t h e  d i r e c t  opera t ing  c o s t s  of t h e  
conf igu ra t ions  s tud ied  have been computed based upon NASA guide- 
l i n e s  f o r  c o s t  es t imat ion .  The gu ide l ines  are summarized i n  
Table X V I I I .  

I n i t i a l  c o s t s  da t a  f o r  t h e  t h r e e  base l ine  conf igura t ions  are shown 
i n  Table X I X .  The a i r c r a f t  c o s t s  have been computed f o r  two 
l e v e l s  of a i r f rame c o s t ,  $198/kg ($90/lb) and $243/kg ($110/ lb) .  
The l a r g e s t  component of t h e  vehicle  c o s t  i s  t h e  airf rame c o s t ,  
which i s  a s t r i c t  func t ion  of weight and v a r i e s  between configura- 
t i o n s  accordingly.  The dynamics system c o s t s  are a l so  weight- 
dependent and a r e  es t imated a t  $176/kg ($80/lb). Engine costs a r e  
a func t ion  of  maximum horsepower; t h e  av ionics  package has been 
assumed t o  be a cons tan t  c o s t  f o r  a l l  conf igura t ions .  

The VTOL t i l t - r o t o r  t o t a l  cost i s  $4.15 mi l l i on  and is  23.5 per- 
cen t  more expensive than t h e  design p o i n t  tandem h e l i c o p t e r ,  This 
d i f f e r e n c e  i s  due t o  t h e  increment i n  weight and i n s t a l l e d  power 

8 4  



0.10 

0.08 

0.06 

0.04 

0.02 

0 5 10 15 20~103 

Altitude (ft) 

Figure 37. Gust Sensitivity at  Maximum Cruise Speed 

85 



TABLE XVIl l  
GROUND RULES FOR COSTCALCULATIONS 

Item 

Year dollars . . . . . .  
Avionics price,$/acft . . .  
Airframe price, $/lb . . .  
Dynamic system price, $/lb- . 
Engine price, $/rated shp . . 
Crew costs, $/hr . . . . .  

Fuel, $/lb . . . . . . .  
Oil,$/lb . . . . . . . .  
Nonrevenue factor,% . . .  

Airframe labor, mh/fh . . .  
Airframe material, $/fh . . .  
Engine labor, mh/fh . . . .  
Engine material, $/fh . . .  
EngineTB0,hr . . . . .  
Dynamic system labor, mh/fh 
Dynamic system material, $/fh 
Dynamic system TBO, hr . . 
Maintenance burden. . . .  
Depreciation period, yr . . .  
Spares - % 

Airframe . . . . . .  

Dynamicsystem . . . .  
Utilization, hr . . . . . .  

Labor rate, $/hr . . . . .  

Engines . . . . . . .  

. .  

. .  

. .  

. .  

. .  

. .  

. .  

. .  

. .  

. .  

. .  

. .  

. .  

. .  

. .  

. .  

. .  

. .  

. .  

1974 
250 000 
90 and 110 
80 
280 (HP.785) 
0.067 GW + 134 

0.02 
1.24 
2 
6.0 
1.0 AIA 
1.0 AIA 
0.65 AIA 
0.65 AIA 
4 500 
AIA 
AIA 
3 000 
150% Direct laboi 
12 

1000 

. . %  

. . 40 

. . 25 

. . 2500and3500 
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TABLE XIX 
INITIAL COSTS OF DESIGN POINT CONFIGURATIONS 

7 

Airframe Cost $90/lb $1 10/lb 

Airframe $3 179 430 $3 885 970 
Dynamic system 949 920 949 920 
Engines 774 41 6 774 416 
Avionics 250 000 250 000 

Total $5 153 766 $5 860 306 

Baseline Tandem-Rotor Helicopter 

Airframe Cost $9011 b $1 101lb 

Airframe $2 199510 $2 688 290 
Dynamic system 1 063 040 1 063040 
Engines 654 265 654 265 

250 000 250 000 Avionics 

Total $4 166 815 $4 655 595 

Airframe $3 244 230 $3 965 170 
Dynamic system 557 440 557 440 
Engines 566 928 566 928 

Baseline STOL Tilt-Rotor 

Airframe Cost $9011 b $110/lb 1 
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between t h e  two conf igura t ions .  The STOL t i l t - r o t o r  i n i t i a l  c o s t  
is $4.618 mi l l i on ,  which is  $535 168 less than t h e  VTOL a i r c r a f t  
b u t  s t i l l  11 percent  more expensive than t h e  base l ine  tandem-rotor 
h e l i c o p t e r  design. 

The i n i t i a l  c o s t s  of t h e  e x t e r n a l  no ise  c r i te r ia  a i r c r a f t  designs 
a r e  shown i n  Table XX. For t h e  tandem-rotor h e l i c o p t e r  t h e  i n i -  
t i a l  c o s t  decreases  from $4.166 m i l l i o n  t o  $3.982 mi l l i on  ( 4 . 4  
percent )  as  t h e  152.4-meter (500-foot) s i d e l i n e  noise  level  in- 
creases 5 PNdB. When t h e  s ta t ic  t h r u s t  e x t e r n a l  no ise  is reduced 
5 PNdB, t h e  a i r c r a f t  i n i t i a l  c o s t  i nc reases  t o  $4.76 m i l l i o n  ( 1 4 . 2  
p e r c e n t ) .  

I f  t h e  VTOL t i l t - r o t o r  e x t e r n a l  no ise  is allowed t o  inc rease  5 
PNdB, the  a i r c r a f t  i n i t i a l  costs decrease from $4.15 m i l l i o n  t o  
$5.034 m i l l i o n  ( 2 3  p e r c e n t ) .  Reducing t h e  e x t e r n a l  no i se  t o  5 
PNdB less than t h e  base l ine  t i l t - r o t o r  a i r c r a f t  r e s u l t s  i n  an in- 
c r ease  i n  c o s t  t o  $5.604 mi l l i on ,  an 8.74-percent increase .  

The c o s t s  r e f e r r e d  t o  i n  t h e  d iscuss ion  a r e  t h e  values  computed a t  
$198/kg ($90/lb) a i r f rame weight. S imi la r  conclusions are appar- 
e n t  i f  t h e  da t a  f o r  $243/kg ($110/lb) of  a i r f rame weight are 
considered. 

The d i r e c t  opera t ing  c o s t s  of t he  t h r e e  base l ine  a i r c r a f t  are 
shown i n  Table X X I  a t  t h e  design block range of 370 ki lometers  
(230 s t a t u e  m i l e s ) .  The da ta  a r e  computed f o r  t w o  va lues  of a i r -  
c r a f t  u t i l i z a t i o n ,  2500 hr /yr  and 3500 hr /yr ,  f o r  a i r c r a f t  p r i ced  
a t  both $198/kg ($90/lb) a i r f rame weight and $243/kg (S110/lb) 
airframe weight. 

The e f f e c t  of i nc reas ing  a i r c r a f t  u t i l i z a t i o n  is t o  decrease t h e  
d i r e c t  ope ra t ing  c o s t s ,  s i n c e  the  a i r c ra f t  insurance and deprecia- 
t i o n  c o s t s  can be spread over more passenger m i l e s .  The d i r e c t  
opera t ing  c o s t  i nc reases  with a i r f rame c o s t  due t o  increased  in- 
surance,  maintenance material ,  and deprec i a t ion  c o s t s .  

For  t h e  purpose of comparison, t h e  3500 hr /yr  and $198/kg ($90/lb) 
a i r f rame weight i s  used. The tandem-rotor h e l i c o p t e r ,  a t  3.21 
c e n t s  per  seat-mile, i s  t h e  most expensive a i r c r a f t  t o  opera te .  
The VTOL t i l t - r o t o r  i s  next  a t  2.19 c e n t s  pe r  seat-mile. The 
e f f e c t  of designing t h e  t i l t - r o t o r  f o r  STOL is  to  reduce t h e  d i -  
rect opera t ing  cost  t o  2.09 cen t s  pe r  seat-mile. 

The parameters which p r imar i ly  de f ine  t h e  d i r e c t  opera t ing  c o s t s  
are a i r c r a f t  weight and c r u i s e  speed. The VTOL t i l t - r o t o r  i s  
cheaper t o  opera te  than t h e  tandem-rotor h e l i c o p t e r  d e s p i t e  i t s  
higher weight because of lower f u e l  consumption and because t h e  
c r u i s e  speed achieved is approximately t w i c e  t h a t  of t h e  tandem- 
r o t o r  h e l i c o p t e r .  This i nc reases  t h e  p roduc t iv i ty  of t h e  a i r c r a f t  
and c r e w ,  thereby reducing costs /seat-mile  f o r  dep rec i a t ion ,  in- 
surance,  c r e w ,  and maintainance. 
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TABLE X X  
INITIAL COSTS OF NOISE DERIVATIVE AIRCRAFT DESIGNS 

+5 PNdB Tandem-Rotor -5 PNdB’Tandem-Rotor 
Helicopter Helicopter 

Airframe Costs $90/lb $1 10/lb $9011 b $1 10/lb 

Airframe $2 144 700 $2 621 300 $2 408 670 $2 943 930 
Dynamic system 958 080 958 080 1351 200 1 351 200 
Engines 629 220 629 220 751 887 751 887 
Avionics 250 000 250 000 250 000 250 000 
Total $3 982 000 $4 458 600 $4 761 757 $5 297 017 

+5 PNdB VTOL -5 PNdB VTOL 
Til t-Rotor Til t-Rotor 

Airframe Costs $90/lb $110/lb $90/lb $1 10/lb 

Airframe $3 154 950 $3 856 050 $3 279 780 $4 008 620 
Dynmic system 873 360 873 360 1 196320 1 196 320 
Eiigines 755 728 755 728 878 736 878 736 
Avi on ics 250 000 250 000 250 000 250 000 
Total $5 034 038 $5 735 138 $5 604 836 $6 333 676 
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TABLE XXI 
DIRECT OPERATING COST OF THE BASELINE CONFIGURPTION 

Airframe Cost I$ / lb l  

Flying operations 
Fltght crew 
Fuel and 011 

Hull insurance 
Total f lying operations 

Direct maintenance 
Airframe - Labor 

Engines - Labor 

Dynamic System - Labor 

-Matertal 

Material 

Material 
Total direct matntenance 

Total maintenance 

Depreciation 

Maintenance burden 

STOL Tilt-Rotor 

L l i z a t i o n  lhr lyr )  2500 35 00 

90 110 90 110 

00048 00048 $lo048 00048 
00026 00026 00026 00026 
00013 00015 00009 00011 
00087 00089 00083 00085 

00014 00014 00014 00014 
00012 00015 00012 00015 
0.0006 00006 00006 00006 
00006 00006 00006 00006 
00003 00003 00003 00003 
00005 00005 00005 00005 
00047 00050 00047 00050 
00033 00036 00036 00036 
00083 00085 00083 00085 

00061 00070 00044 00050 
Total direct costs 00231 00244 00209 00220 

Baseline VTOL Tilt-Rotor 

Utilizatton Ihr lyr )  2500 3500 

Airframe Cost l$/lb) 90 110 90 110 
Flying operations 

Flight crew 
Fuel and otl 

Hull insurance 
Total f lying operations 

Direct maintenance 
Airframe - Labor 

Engines - Labor 
- Material 

Dynamic system - Labor 

- Material 

- Material 
Total direct maintenance 

Total maintenance 

Depreciation 

Total direct costs 

Maintenance burden 

0 0044 
0 0033 
00013 
0 0090 

0.9013 
00011 
0 0006 
0 0008 
0 0005 
0 0008 
0 0051 

0 0037 
0 0088 
0 0063 
0 0241 

0 0044 
0 0033 
00015 
0 0092 

0 0013 
0 0014 
0 0006 
0 0008 
0 0005 
0 0008 
0 0054 
0 0037 
0 0091 

00071 

0.0254 

0.0044 
0 0033 
0 0009 
0 0086 

0 0013 
00011 
0 0006 
0 0008 
0 0005 
0 0008 
0 0051 

0 0037 
0.0088 

0.0045 

0 0219 

0 0044 
0 0033 
0 001 1 
0 0088 

0 0013 
0 0014 
0 0006 
0 0008 
0 0005 
0 0008 
0 0054 

0 0037 
0 0091 

0 0051 

0 0230 

Baseline Tandern-Rotor Helicopter 

Utilization Ihrlyrl 25W 3500 

Airframe Cost I5 l lb)  90 110 90 110 
Flying operations 

Fl ight crew 00081 00081 00081 00081 
Fuel and oil 00045 00045 00045 00045 
Hull insurance 00019 00022 00014 00015 

Total f lying operations 00145 00148 00140 00141 

Direct maintenance 

Airframe - Labor 00013 00013 00013 00013 
- Material 00010 00012 00010 00012 

Engines - Labor 00007 00007 00007 00007 
-Material 00009 00009 00009 00009 

Dynamic system - Labor 00011 00011 00011 00011 
- Material 00017 00017 00017 OW17 

Total direct maintenance 00067 00069 00067 00069 

Maintenance burden 00047 00047 0.0047 00047 
Total maintenance 00114 00116 00114 00116 

Depreciation 00094 00105 O W 7  00075 

Total direct costs 00353 00369 00321 00332 

Notes Direct Operating Costs 
DoIlarslSeat M i  

Block Distance = 230 Stat M I  
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The STOL t i l t - r o t o r  a i r c r a f t  i s  slower than t h e  VTOL t i l t - r o t o r  
because of lower i n s t a l l e d  power. However, t he  decrease i n  gross  
weight and f u e l  consumption i s  j u s t  l a r g e  enough t o  negate t h e  
e f f e c t  of speed on d i r e c t  ope ra t ing  cost and r e s u l t s  i n  t h e  s m a l l  
improvement shown. 

The t o t a l  d i r e c t  opera t ing  costs a t  370 ki lometers  (230 s t a t u t e  
m i l e s )  fo r  t h e  a i r c r a f t  designed t o  k 5  PNdB are compared with t h e  
d i r e c t  opera t ing  costs of t h e  base l ine  veh ic l e s  i n  Table X X I I  and 
Figure 38. 

The d i r e c t  opera t ing  cost of t h e  +5 PNdB t i l t - r o t o r  is  almost 
i d e n t i c a l  t o  t h e  base l ine  a i r c r a f t ,  and no cost advantage i s  
gained by allowing increased noise  levels. However, decreasing 
t h e  noise  l e v e l  by 5 PNdB r e s u l t s  i n  an- increased  d i r e c t  opera t ing  
c o s t  by approximately 8 percent  due to  t h e  increased gross  weight 
and f u e l  consumption. 

The tandem-rotor h e l i c o p t e r  da t a  shows t h a t ,  as t h e  perceived 
noise  level var ies  k 5  PNdB away from t h e  base l ine  a i r c r a f t ,  t h e  
d i r e c t  opera t ing  costs increase .  For t h e  +5 PNdB case t h e  overal l  
decrease i n  weight is negated by the  s l o w e r  c r u i s e  speed and t h e  
d i r e c t  opera t ing  cost inc reases  by 9.2 percent .  The increased 
speed of t h e  -5 PNdB h e l i c o p t e r  i s  n o t  s u f f i c i e n t  t o  a f f e c t  t h e  
sharp ly  increas ing  gross weight, and aga in  t h e  d i r e c t  opera t ing  
c o s t  i nc reases ,  by 4 . 2  percent .  

The e f f e c t  of opera t ing  range on t h e  a i r c r a f t  d i r e c t  opera t ing  
costs i s  shown i n  Figure 39 for  t h e  t h r e e  base l ine  vehic les .  The 
da ta  shown i n  each case up t o  the  design range i s  for  the  a i r c ra f t  
as designed. The d a t a  shown a t  more than 370 ki lometers  (200 nau- 
t i c a l  m i l e s )  is for  a modified a i r c r a f t .  For t h e  design mission 
a i r c r a f t  t h e  d i r e c t  opera t ing  costs inc rease  as opera t ing  range i s  
reduced. The fundamental d i f f e r e n c e  between the  a i r c ra f t  is  i n  
t h e  o v e r a l l  l e v e l  of d i r e c t  opera t ing  cost as r e f l e c t e d  i n  t h e  de- 
s ign  range da ta  shown earlier.  

The extended range a i r c r a f t  shown i n  Figure 39 assumes i n  each 
case t h a t  a d d i t i o n a l  tankage i s  provided f o r  740-kilometer (400- 
naut ical-miles)  range with no inc rease  i n  overal l  takeoff  gross  
weight. That is  t o  say t h a t  t h e  allowable payload i s  reduced t o  
t h e  nea res t  whole passenger t o  account f o r  increased tank weight 
and increased f u e l  weight. This assumption causes t h e  discont inu-  
i t y  a t  t h e  design range between t h e  design mission a i r c r a f t  and 

, t h e  extended range veh ic l e  da ta .  The f u e l  usage of t h e  tandem- 
r o t o r  h e l i c o p t e r  i s  higher  than t h e  t i l t - ro to r s  and r e q u i r e s  m o r e  
payload reduct ion t o  achieve t h e  740-kilometer (400-nauti'cal-miles) 
range. This reduct ion  i n  a l lowable a v a i l a b l e  seats causes the  d i -  
rect opera t ing  cost  t o  inc rease  a s  t h e  range is  increased.  The 
b a s e l i n e  tandem-rotor h e l i c o p t e r  can c a r r y  72 passengers over a 
740-kilometer (400-nautical-mile) range. 
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VTOL Tilt-Rotor 

Utilization (hr/yr) 2500 3500 
Airframe Cost 
($/lb) 90 110 90 110 

Baseline 0.0241 0.0254 0.0219 0.0230 

+5 PNdB 0.0242 0.0255 0.0220 0.0231 

-5 PNdB 0.0260 0.0272 0.0236 0.0245 
c 

2500 350Q Utilization (hr/yr) 
Airframe Cost 
($lib) 90 110 90 110 

0.0332 Baseline 0.0353 0.0369 0.032 1 

+5 PNdB 0.0386 0.0402 0.0350 0.0362 

-5 PNdB 0.0363 0.0384 0.0334 0.0345 
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The VTOL and STOL t i l t - r o t o r s  do not  e x h i b i t  t h e  same l a r g e  in- 
crease i n  d i r e c t  opera t ing  cost as range is  increased.  This i s  
l a r g e l y  due to  t h e  f u e l  economy of t h i s  conf igura t ion  i n  i t s  
c r u i s e  f l i g h t  condi t ion.  The extended range VTOL t i l t - r o t o r  car- 
ries 84 passengers and t h e  STOL t i l t - r o t o r  carries 88 passengers 
over t h e  740-kilometer (400-nautical-mile) range. 

The c h a r a c t e r i s t i c s  of t h e  no i se  d e r i v a t i v e s  are a l m o s t  i d e n t i c a l  
t o  t h e  base l ine  veh ic l e s  except f o r  t h e  incremental  d i f f e r e n c e s  a t  
t h e  design range. 

9. MAXIMUM SIZE AND TECHNICAL RISK 

One of t h e  i t e m s  i n  t h e  s ta tement  of work f o r  t h i s  s tudy which has 
provoked much thought and d iscuss ion  i s  t h a t  p e r t a i n i n g  t o  t h e  
number of passengers f o r  which t h e  a i r c ra f t  w e r e  t o  be designed. 
This s t a t e d  t h a t  t h e  maximum payload should not  exceed 1 0 0  passen- 
ge r s  and t h a t  r e s t r i c t i o n s  t o  a lower number should be governed by 
technologica l  c o n s t r a i n t  only,  Economic f a c t o r s  such as minimum 
opera t ing  cost  pe r  a v a i l a b l e  seat-mile w e r e  no t  t o  be considered 
i n  s e t t i n g  a s i z e  l i m i t  for t h e  a i r c r a f t .  The s tudy has been 
f u l l y  responsive t o  t h i s  groundrule,  which might under some cir-  
cumstances have forced t h e  s e l e c t i o n  of uneconomic designs.  How- 
ever ,  c a r e f u l  examination of technology i s sues  has not  r e s u l t e d  i n  
t h e  i d e n t i f i c a t i o n  of any s e r i o u s  impediments t o  t h e  maximum s i z e  
a i r c r a f t .  I n  f a c t ,  only t h e  100-passenger c o n s t r a i n t  has been 
found to  be m o r e  restrictive than e i t h e r  technologica l  o r  economic 
cons idera t ions  i n  both t h e  h e l i c o p t e r  and t i l t - r o t o r  configura- 
t i ons .  I n  both conf igura t ions  the  optimum ope ra t ing  c o s t s  occur  
around t h e  100-passenger mark, and t h e r e  is no s p e c i f i c  evidence 
of technologica l  phenomena or d i f f i c u l t i e s  with f a b r i c a t i o n  tech- 
niques or component manufacture which would l i m i t  t h e  h e l i c o p t e r  
o r  t i l t - ro tor  t o  s o m e  in te rmedia te  number of passengers.  The 100- 
passenger-size v e h i c l e s  w e r e  accordingly s e l e c t e d  f o r  d e t a i l e d  
study. 

Having arrived a t  t h i s  a i r c r a f t  s i z e ,  it may be worthwhile t o  
review s o m e  of t h e  o t h e r  i s s u e s  which might be involved i n  t h e  
s e l e c t i o n  of an a i r c r a f t  t o  bu i ld .  A l a r g e  s i z e d  a i r c r a f t  re- 
q u i r e s  m o r e  development funds and more t i m e  to b r ing  i n t o  service 
than a smaller a i r c r a f t .  This  might provide a persuas ive  argument 
f o r  t h e  development of a smaller design which f e l l  wi th in  s o m e  set 
of budgetary and schedule c o n s t r a i n t s ,  Another factor t o  be con- 
s ide red  is  t h e  c r e d i b i l i t y  of t h e  s i z e  s e l e c t e d  and support  among 
t h e  t e c h n i c a l  community. I t  w i l l  be m o r e  d i f f i c u l t  to  genera te  
and s u s t a i n  support  f o r  a l a r g e r  development. Other i s s u e s  which 
in t rude  i n t o  t h e  area of economics are such ques t ions  a s  passenger 
dens i ty ,  frequency of schedule, and a v a i l a b i l i t y  of t h e  i n i t i a l  
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c a p i t a l  c o s t s  t o  t h e  commercial carrier. For example, t h e  advan- 
tages  of l o w  d i r e c t  opera t ing  c o s t  could be overcome i f  t h e  ac- 
q u i s i t i o n  c o s t  of t he  a i r c r a f t  is  m o r e  than t h e  commercial carrier 
has a t  i t s  d isposa l .  

On t h e  o the r  hand an a i r c r a f t  t h a t  is  too s m a l l  w i l l  be uneconom- 
ica l  t o  ope ra t e  and w i l l  r equ i r e  a premium f a r e  s t r u c t u r e  which 
may preclude use  by t h e  des i r ed  market. Some of these  i s s u e s  are 
not r e a d i l y  q u a n t i f i e d  and are i n  many cases o u t s i d e  t h e  def ined  
scope of t h e  study. 

9 .1  TANDEM-ROTGR HELICOPTER 

N o  l i m i t a t i o n  of tandem-rotor he l i cop te r  s i z e  e x i s t s  w i th in  one 
100-passenger range, based on t echn ica l  r i s k .  This conclusion is  
based upon examination of t h e  elements of t h e  tandem-rotor h e l i -  
copter  and comparison with cu r ren t  i n d u s t r i a l  experience.  

The components and systems of a tandem-rotor h e l i c o p t e r  to  which 
a size-dependent t echn ica l  r i s k  might be a sc r ibed  are t h e  r o t o r  
system and t h e  d r i v e  t r a i n .  

Rotor System 

The r o t o r  system used i n  the  design p o i n t  tandem-rotor h e l i c o p t e r  
is a four-bladed 2 1 - m e t e r  (68.9-foot) diameter r o t o r  with a so l id -  
i t y  of 0 .099 .  The r o t o r  i s  f u l l y  a r t i c u l a t e d  and of conventional 
design. Table XXIII shows t h e  r o t o r  c h a r a c t e r i s t i c s  compared with 
e x i s t i n g  rotor designs.  The design p o i n t  a i r c r a f t  r o t o r  diameter 
is 2 .71  meters (8.9 f e e t )  l a r g e r  than t h e  CH-47 a i r c r a f t  and con- 
s ide rab ly  smaller than t h e  o the r  examples shown. 

The r o t o r  s o l i d i t y ,  0.099, is almost i d e n t i c a l  to  the  0.092 r o t o r  
s o l i d i t y  of t h e  XCH-62 heavy- l i f t  h e l i c o p t e r  ( H L H ) .  Rotor blades 
f o r  t h e  XCH-62 have a l ready  been f a b r i c a t e d  using composite s t ruc -  
t u r e s ;  t h i s  demonstrates t h a t  t he  rotor s i z e  i s  a minimal r i s k  
from a f a b r i c a t i o n  viewpoint. The only r i s k  element i n  t h e  r o t o r  
system is whether o r  n o t  an adequate weight allowance has been 
made i n  t h e  a i r c r a f t  design. The r o t o r  system weight is  shown on 
a s ta t is t ical  weights t r e n d  comparison i n  Reference 2 and demon- 
strates t h a t  t h e  weight allowance used i s  c o n s i s t e n t  with a c t u a l  
weights of e x i s t i n g  l a r g e  r o t o r s  i n  t h i s  s i z e  class. 
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TABLE XXl l l  
TANDEM-ROTOR HELICOPTER: ROTOR SYSTEM 

I . I  

Twist Chord Sol id ity Diameter 
0 (deg) Aircraft (ft) (0) (in.) 

"NRP Tipspeed 
(ft/sec) ( K ~ ~ ~ )  

Design point 

+5 PNdB 

-5 PNdB 

XCH-62 

CH-47C 

Model 347 

CH-53A 

YCH-53E 

68.0 

68.2 

72.5 

92 

60 

60 

72 

79 

0.099 

0.07 

0.159 

0.09226 

0.062 

0.0827 

0.1 15 

0.136 

31.72 

22.5 

54.32 

40 

25.25 

25.25 

26 

29 

12 

12 

12 

12 

9 

9 

8 

10.6 

725 

81 0 

640 

750 

770 

69 I 

698 

700 

165 

131 

181 

146 

165 

169 

170 

191 
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Drive T r a i n  

The d r i v e  t r a i n  used i n  t h e  tandem-rotor h e l i c o p t e r  design is 
modelled o'n t h e  XCH-62 h e l i c o p t e r  system designed by Boeing V e r t o l  
and c u r r e n t l y  undergoing development t e s t i n g .  The design p o i n t  
a i r c r a f t  i n s t a l l e d  power is  l o w e r  than the  XCH-62, and t h e  torque 
levels  requi red  i n  t h e  combiner gearbox are modest by comparison 
wi th  t h e  e x i s t i n g  design. The r o t o r  t ransmission i s  requi red  t o  
t ransmi t  a maximum of 207 847 foot-pounds of torque which is com- 
pa rab le  to  t h e  CH-53A (210 000 foot-pounds) and much less than t h e  
XCH-53E (342 000 foot-pounds) and t h e  XCH-62 (358 000 foot-pounds). 

The c r i t i ca l  components of t h e  l i f t / p r o p u l s i o n  package are there-  
fore wi th in  t h e  range of experience of  t h e  Boeing Vertol  Company. 

One method of reducing t h e  r i s k s  i n  t h e  development of l a r g e  a i r -  
c r a f t  i s  by a component development program approach such as t h e  
ongoing HLH Advanced Technology Components Program. The cr i t ical  
components developed i n  t h i s  program w i l l  produce a pro to type  a i r -  
c r a f t  of much l a r g e r  s i z e  than t h e  tandem-rotor h e l i c o p t e r  design 
s e l e c t e d  for t h e  short-haul mission. I n  v i e w  of  t h i s  experience,  
t h e  r i s k s  f o r  a veh ic l e  whose f a b r i c a t i o n  i s  to  s t a r t  i n  1980 must 
be considered s m a l l ,  provided t h a t  t h e  experience gained a t  Boeing 
V e r t o l  i n  l a r g e  tandem-rotor h e l i c o p t e r  designs is u t i l i z e d  i n  t h e  
design and f a b r i c a t i o n  of t h e  commercial a i r c r a f t  def ined i n  t h i s  
study. 

The only element of r i s k  a s soc ia t ed  wi th  t h e  des igns  i s  t h e  s t ruc -  
t u r a l  weight reduct ion  of 25 percent  t o  a l l o w  for  advanced compos- 
i t e  m a t e r i a l s  design. This reduct ion  is  thought t o  be optimist ic ;  
a maximum weight reduct ion  of 1 6  percent  is  considered t o  be more 
appropr ia te  based on Boeing experience,  H o w e v e r ,  t h e  25-percent 
reduct ion  w a s  used, a f t e r  d iscuss ions  with NASA, t o  preserve  com- 
mon groundrules between these  designs and those  produced by o t h e r  
con t r ac to r s .  

9.2 VTOL AND STOL TILT-ROTOR DESIGNS 

The eva lua t ion  of r i s k  and t h e  s e l e c t i o n  of m a x i m u m  capac i ty  for  
t h e  t i l t - r o t o r  t r a n s p o r t s  r equ i r e  c a r e f u l  reasoning and are ap- 
proached under a number of groundrules which r e l y  on c e r t a i n  
assumptions including t h e  successfu l  completion of t h e  NASA-Army 
XV-15 program. 

The d i r e c t i v e  of t h e  s tudy  gu ide l ines  w a s  t o  select t h e  l a r g e s t  
a i r c r a f t  (up t o  1 0 0  passengers ) ,  l i m i t e d  only by t echn ica l  r i s k ,  
An examination of t h e  r i s k  elements a s soc ia t ed  wi th  a 100- 
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passenger-size veh ic l e  is summarized here  i n  t h i s  contex t ,  to  
m e e t  t h e  gu ide l ine  d i r e c t i v e .  

The fundamental assumption i n  t h e  eva lua t ion  of r i s k  for t h e  tilt- 
r o t o r  a i rcraf t  has been t h a t  t h e  XV-15 program w i l l  be success fu l ,  
That is to  say t h a t  t h e  XV-15 performance, handling q u a l i t i e s ,  and 
s t r u c t u r a l  i n t e g r i t y  are demonstrated t o  be wi th in  an  acceptab le  
and p r e d i c t a b l e  range. S p e c i f i c a l l y ,  it is  assumed t h a t  t h e  be- 
havior  of c u r r e n t l y  i d e n t i f i e d  phenomena which de f ine  design con- 
d i t i o n s  pecu l i a r  t o  t h e  conf igura t ion  (such as whi r l  f l u t t e r  and 
r o t o r  dynamic i n t e r a c t i o n s  with t h e  f l i g h t  mode dynamics) w i l l  be  
a s  p red ic t ed  by a n a l y s i s  and model and component t e s t i n g .  

I n  summary, it i s  assumed t h a t  conf igura t ion  problems w i l l  be 
resolved by t h e  XV-15 program, and, t h e r e f o r e ,  t h e  d iscuss ion  of 
r i s k  f o r  t h e  1985 t i l t - r o t o r  t r a n s p o r t  may be l imi t ed  t o  those  
i s s u e s  which are func t ions  only of s i z e .  

Technical Evaluation of R i s k  

Speculat ing on t h e  poss ib l e  emergence of new phenomena and design 
d i f f i c u l t i e s  a s  s i z e  i s  increased  is not  considered t o  be a u s e f u l  
exe rc i se ,  s i n c e  i f  such d i f f i c u l t i e s  a r e  not  p red ic t ed ,  q u a n t i f i -  
c a t i o n  and eva lua t ion  is  impossible,  The p o t e n t i a l  f o r  such de- 
velopment problems i s  recognized, but  it i s  proposed t h a t  t h e  
development p lan  for t h e  commercial t r a n s p o r t  v e h i c l e  should be 
s t r u c t u r e d  t o  o b t a i n  an o rde r ly  r e so lu t ion  of design problems t o  
minimize t h e i r  impact. Before d iscuss ing  a development program 
which ensures  a g a i n s t  t h e  in t ang ib le  r i s k s ,  it is necessary t o  ex- 
amine t h e  known problem zireas such a s  dynamic s y s t e n  design and 
p red ic t ab le  phenomena t o  determine whether any p r e d i c t a b l e  l i m i t s  
e x i s t .  

The p o t e n t i a l  f o r  r i s k  i n  t h e  fuselage,  empennage, and a i r c r a f t  
systems must be considered minimal, s i n c e  s t r u c t u r e  and systems of 
t h i s  type a r e  not  s i g n i f i c a n t l y  d i f f e r e n t  f r o m  e x i s t i n g  a i r c r a f t  
p r a c t i c e .  The wealth of information i n  these  a reas ,  f o r  a i r c r a f t  
i n  t h e  100-passenger s i z e  range as w e l l  as f o r  much l a r g e r  a i r -  
c r a f t ,  provides  a s o l i d  b a s i s  f o r  design and development. 

I n  previous experience,  where l a r g e  s t e p s  i n  s i z e  have been made 
i n  r o t a r y  wing design,  t h e  developmental d i f f i c u l t i e s  have been 
r e l a t e d  to  t h e  a i r c ra f t  dynamic systems. For t h i s  reason it i s  
use fu l  to  b r i e f l y  examine these  areas i n  t i l t - r o t o r  design. 

The following components and systems have t h e  h i g h e s t  p o t e n t i a l  
f o r  developmental r i s k :  
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e Drive System - Can l a r g e  t ransmission with l a r g e  torques  
and low r o t i o n a l  f requencies  be success fu l ly  designed? 

e Rotor System - Does the  rotor-blade s t r e n g t h  keep pace 
with r o t o r  loads as s i z e  i s  increased? 

0 R o t o r ,  Nacelle, and Wing Aeroe la s t i c  Consideration - A s  
s i z e  i s  increased,  do the  design c o n s t r a i n t s  of wing 
s t r e n g t h  and frequency become m o r e  o r  less restrictive? 

Each of t hese  areas are addressed i n  t h e  following d iscass ion .  

The s t r u c t u r a l  weight reduct ions  of 25 percent  used i n  t h e  s tudy 
i s  thought t o  c o n s t i t u t e  a t echn ica l  r i s k .  A maximum weight re- 
duct ion of 1 6  percent  is  more i n  l i n e  with Boeing experience.  

Drive t r a i n .  - The d r i v e  t r a i n  requi red  by the  design p o i n t  VTOL 
t i l t - r o t o r  a i r c r a f t  is  shown schematical ly  i n  Figure 40. The 
t echn ica l  r i s k s  may be evaluated by comparing each t ransmission 
box or gear  t r a i n  with e x i s t i n g  hardware. 

The engine t r a n s f e r  case c r i t i c a l  mesh torque is 2525 foot-pounds. 
A s i m i l a r  spur  torque mesh ex i s t s  i n  t h e  AH-56 t ransmission,  which 
is  designed t o  9895 foot-pounds. The l a r g e s t  of t h e  bevel boxes 
r e q u i r e s  t h e  t ransmission of 6700 foot-pounds of torque. This can 
be compared t o  a bevel  set i n  t h e  t ransmission of t h e  XCH-62, 
which i s  designed t o  7200  foot-pounds. The main r o t o r  transmis- 
s ion  r e q u i r e s  a maximum torque of 165 000 foot-pounds, which i s  
much smaller than t h e  CH-53A, a t  210 000 foot-pounds, t h e  XCH-53E, 
a t  342 000 foot-pounds, or t h e  XCH-62, a t  358 000  foot-pounds. 
The spur torque which d r i v e s  t h e  c ros s - sha f t  from t h e  main t rans-  
mission c o l l e c t o r  is s i z e d  a t  7200 foot-pounds, which i s  aga in  
less than t h e  AH-56 spur  torque of 9895 foot-pounds. 

The r o t o r  t ransmission r e q u i r e s  a reduct ion  r a t io  of 25:l. The 
XCH-53E main r o t o r  t ransmission reduct ion  r a t i o  i s  35.8:1, and t h e  
CH-53A i s  32.5:l. The XCH-62 reduct ion  r a t i o  is 51.2:l. The max- 
i m u m  reduct ion  r a t i o  r equ i r ed  f o r  t h e  bevel boxes is 1.2:1, which 
is  q u i t e  l o w .  Typical ly ,  bevel  boxes can be designed up t o  3:1, 
and a t  low power, even 5 : l  reduct ion r a t i o s  are not  uncommon. The 
t r a n s f e r  case spur  gear ing  has a 1 . 9 6 : l  reduct ion  r a t i o ,  which 
again is modest by indus t ry  experience (up t o  5: l  ra t ios ) .  

These comparisons i n d i c a t e  t h a t  t h e  elements of t h e  d r i v e  system 
are w e l l  w i th in  indus t ry  experience i n  t e r m s  of s i z e ,  to rque  
t r a n s f e r ,  and reduct ion  r a t i o .  

The design of t h e  ind iv idua l  gearboxes and s h a f t i n g  cannot be 
considered a s i ze - l imi t ing  r i s k  i t e m ,  al though t h e  opera t ion  of 
t hese  components i n  t h e  conf igura t ion  s p e c i f i c  to  the  t i l t - r o t o r  
would r e q u i r e  development, as is  the  case f o r  any new t rans-  
mission. The VTOL t i l t - r o t o r  t ransmission design w a s  s e l e c t e d  f o r  
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t h i s  d i scuss ion  because t h e  STOL design i s  an i d e n t i c a l  l ayout ,  
b u t  smaller i n  t e r m s  of s i z e ,  torque, and reuuct ion  ra t ios ,  and i s  
t h e r e f o r e  inhe ren t ly  a l o w e r  r i s k .  

Rotor b lade  design. - The design of a h inge le s s  rotor for a tilt- 
rotor a i r c r a f t  r equ i r e s  t h e  compromise of blade root s t r e n g t h  and 
b lade  r o o t  s t i f f n e s s  i n  o rde r  t o  provide a f i n i s h e d  design-which 
has acceptab le  r o t a t i n g  b lade  frequencies  as w e l l  as adequate 
blade f a t i g u e  bending s t r eng th .  The d e t a i l e d  design of t h e  rotor 
is  beyond t h e  scope of t h i s  conceptual design study; however, es- 
t i m a t e s  of b lade  load and s t r e n g t h  have been made t o  show t h a t  
such a design i s  f e a s i b l e .  Based on experience with t h e  Boeing 
Model 222 design,  the  8.5 percent  r a d i a l  s t a t i o n  on the  b lade  i s  
t h e  probable f a t i g u e  c r i t i ca l  sec t ion .  

The rotor loads have been computed f r o m  t h e  measured 7.92-meter 
(26-foot) diameter loads  using Mach s c a l i n g  and accounting f o r  t h e  
d i f f e r e n c e  i n  rotor s o l i d i t y .  Cycl ic  p i t c h  is  assumed to  be inpu t  
as a func t ion  of l ong i tud ina l  s t i c k .  Figure 4 1  shows t h e  esti- 
mated normal load f a c t o r  a t  which endurance l i m i t  loads on t h e  
b lade  r o o t  occur for t h e  VTOL t i l t - r o t o r  design. For speeds i n  
excess  of 216 knots,  t h e  a i r c r a f t  can p u l l  i t s  design maneuver 
l i m i t  wi th  no f a t i g u e  damage, and a t  t h e  w o r s t  case, can p u l l  1.8g 
before  f a t i g u e  damage occurs ,  

The c r i te r ion  used i n  t h e  p a s t  for  conventional p r o p e l l e r  design 
i s  t h a t  t h e  blade should be a b l e  t o  tolerate  loads  corresponding 
t o  1 2 0 0  Aq (i.e., angle  of a t t a c k  t i m e s  dynamic pressure)  wi th  no 
damage. This l i n e  is  also shown i n  Figure 4 1  t o  provide a 
comparison. 

The maximum normal maneuver i n  hover r equ i r e s  5.6O c y c l i c .  A 
normal maneuver i s  def ined  by passenger comfort l e v e l s  quoted i n  
t h e  study gu ide l ines  ( i . e , ,  0. lg la teral  and 0.4g v e r t i c a l ) .  A t  
t h i s  condi t ion ,  t h e  r e s u l t i n g  blade stresses are approximately 
84 percent  of t h e  f a t i g u e  allowable.  

N o r m a l  hover. loads with w o r s t  c y c l i c  t o  t r i m  produce b lade  bending 
loads  of about 32 pe rcen t  of t h e  f a t i g u e  al lowable l eve l .  

Figure 42  shows t h e  es t imated  normal load factor a t  which endur- 
ance l i m i t  loads  occur i n  t h e  STOL r o t o r  design. I n  t h i s  case t h e  
a i r c r a f t  can p u l l  i t s  design maneuver load f a c t o r  a t  speeds i n  ex- 
cess of 223 knots  with no f a t i g u e  damage, and a t  t h e  w o r s t  case, 
can p u l l  2 . l g  before  any f a t i g u e  damage occurs.  

Detai led design of t h e  blade and t h e  a i r c r a f t  c o n t r o l  system i n  
t r a n s i t i o n  would be r equ i r ed  i n  both conf igura t ions  to  compute t h e  
bXade f a t i g u e  l i f e .  However, t h e  magnitude of t h e  loads est imated 
i n  r e l a t i o n s h i p  t o  the  f a t i g u e  endurance l i m i t  provides  a reason- 
a b l e  i n d i c a t i o n  t h a t  t h e s e  blades could be designed t o  g ive  an 
adequate f a t i g u e  l i f e  i n  commercial service. 
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BASELINE TILT-ROTOR AIRCRAFT 
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Figure 41. Maneuver Load Factor Envelope for Baseline VTOL Tilt-Rotor, Blade Load Limits 
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STOL TILT-ROTOR AIRCRAFT 
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Scal ing.  - I n  d iscuss ing  p o s s i b l e  problems which may be a func t ion '  
of s i z e ,  t h e  ques t ion  w i l l  be asked whether XV-3 and XV-15 experi-  
ence, as w e l l  as  t h e  growing body of f u l l - s c a l e  component and 
scaled-model t e s t  da ta ,  can be ex t r apo la t ed  or sca l ed  up to  t h e  
s i z e  a s soc ia t ed  wi th  the  100-passenger t i l t - r o t o r  a i r c r a f t .  
Boeing V e r t o l ' s  p o s i t i o n  is  t h a t  experience ned i n  any w e l l  
conducted t i l t - ro to r  test  program is indeed r e l e v a n t  t o  o t h e r s  of 
l a r g e r  s c a l e  and t h a t  t he  series of r e s u l t s  of tests of s ca l ed  
models and f u l l - s c a l e  r o t o r s  which have been conducted i n  suppor t  
of t h e  NASA-Army research  v e h i c l e  competit ion and subsequently may 
be app l i ed  i n  t w o  ways. The f i r s t  i s  by d i r e c t  a p p l i c a t i o n  us ing  
s c a l i n g  l a w s  and t h e  second by v a l i d a t i n g  genera l  methods and pro- 
cedures which may be appl ied  i n  widely d i f f e r e n t  s i t u a t i o n s .  

The v a l i d i t y  of s c a l i n g  model da t a  to f u l l  scale has been demon- 
s t r a t e d  a t  Boeing V e r t o l  by experience with t h e  1/9th-scale  
vers ion  of t h e  26-foot-diameter r o t o r  which w a s  t e s t e d  i n  t h e  
NASA-Ames 40- by 8O-foot wind tunnel .  This experience i s  summar- 
ized i n  Figure 43 and shows t h a t  t h e  small-scale  tes t  was an 
adequate i n d i c a t o r  of t he  a e r o e l a s t i c  behavior of t h e  f u l l - s c a l e  
wing and r o t o r  system. 

A r e l a t i v e l y  s m a l l e r  jump i s  involved i n  going from t h e  7.62- or 
7 .92 -me te r  (25- o r  26-foot) diameter l e v e l  t o  a 17.07-meter (56- 
f o o t )  diameter r o t o r  system. The more genera l  ques t ion  of va l ida-  
t i o n  of methodology has been.addressed a t  length  i n  o t h e r  Boeing 
documents ( e .g . ,  Reference 6 )  and w i l l  n o t  be repea ted  here ,  ex- 
cep t  t o  s ta te  t h a t  good p r e d i c t i v e  c a p a b i l i t y  has been shown i n  
a l l  technology areas inc luding  blade loads ,  r o t o r  d e r i v a t i v e s ,  
and a e r o e l a s t i c  s t a b i l i t y .  

Aeroelastic s t a b i l i t y .  - A t  an e a r l y  s t a g e  of t h e  s tudy,  aero- 
e las t ic  s t a b i l i t y  w a s  reviewed as a p o t e n t i a l  area of r i s k  as 
a i r c r a f t  s i z e  g r e w  from l e v e l s  which-had been s tud ied  i n  depth 
(e.g., Boeing Ver to l  Model 2 2 2  and B e l l  Model 301) .  

w a s  t h a t  t h e  parameters which determine a e r o e l a s t i c  
grow i n  such a manner t h a t  a e r o e l a s t i c  requirements 
governing, and t h a t  t h e  s t r u c t u r a l  weights requi red  
s t a n t i a l l y  h igher  than t h e s e  ind ica t ed  by the  usua l  
weight t rend  procedures. 

The concern 
behavior might 
would become 
would be sub- 
s i z i n g  and 

I n  growing a h inge le s s  r o t o r  from the  7 .92 -me te r  (26-foot) diam- 
eter s i z e  t o  17.07 meters (56 f e e t )  i n  diameter,  t ipspeed  i s  he ld  
cons tan t ,  and blade-per-rev frequency is  maintained a t  t h e  va lues  
s e l e c t e d  f o r  t h e  Model 222.  These s t i f f n e s s  c h a r a c t e r i s t i c s  can 
be provided f o r  an acceptab le  s t r u c t u r a l  weight. 

An increased margin could be provided f o r  t h e  cost of a d d i t i o n a l  
s t r u c t u r a l  weight; however, t h e  1 . 2  Vdive c r i t e r i o n  a l ready  pro- 
v ides  a 44-percent margin over t h e  speeds a t  which the  a i r c r a f t  i s  
designed t o  opera te .  And t h i s  i s  considered adequate i n  an a i r -  
c r a f t  intended f o r  c i v i l  commercial opera t ion .  
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Economics 

The s i n g l e  m o s t  important parameter i n  s e l e c t i n g  a successfu l  com- 
mercial veh ic l e  is  cost. 

A s  t h e  payload (i.e.,  number of passengers)  and s i z e  of t he  a i r -  
c r a f t  increase ,  t h e  d i r e c t  opera t ing  costs decrease.  This is  
i l l u s t r a t e d  by Figure 44. For example, t h e  costs of opera t ion  p e r  
passenger m i l e  of a 50-passenger a i r c ra f t  would be 4 3  percent  
higher  than i t s  100-passenger counterpar t ,  

Since no major technology i s s u e s  are i d e n t i f i e d  l i m i t i n g  s i z e  i n  
t h e  s tudy range, t h e  opt imiza t ion  of v e h i c l e  cost c l e a r l y  ind i -  
cates t h a t  a 100-passenger veh ic l e  (maximum allowed by t h e  s tudy 
gu ide l ines )  must be se l ec t ed .  A compromise dec i s ion  t o  o f f e r  com-  
merc ia l ly  an in te rmedia te  s i z e d  a i rcraf t  may set back the  accept- 
ance  of t h e  concept. For example, a 50-passenger veh ic l e  would 
demonstrate economics which are s l i g h t l y  worse than the  100- 
passenger h e l i c o p t e r ,  which can a l m o s t  be considered wi th in  t h e  
c u r r e n t  s ta te -of - the-ar t .  This comparison would t h e r e f o r e  tend 
t o  e l imina te  t h e  t i l t - r o t o r  f r o m  content ion.  

I n  t h e  commercial s i t u a t i o n ,  t he  economic f a c t s  r e q u i r e  t h a t ,  
un less  compelling t echn ica l  and engineer ing reasons a r e  c l e a r l y  
i d e n t i f i e d  which w i l l  l i m i t  t h e  s i z e  of  t h e  a i r c r a f t ,  t h e  s e l e c t e d  
veh ic l e  must be of t h e  100-passenger s i z e  i f  t h e  a i r c r a f t  concept 
is t o  r e a l i z e  i t s  p o t e n t i a l  and sucess fu l ly  compete i n  t h e  shor t -  
haul  market p lace .  This p o s i t i o n  does no t  preclude t h e  construc- 
t i o n  of an in te rmedia te  s i z e d  veh ic l e  f o r  component development 
and technology demonstration purposes. A program of  t h i s  so r t  
involving component development and t e s t i n g  is t h e  m o s t  e f f e c t i v e  
method of r i s k  reduct ion.  

To m e e t  a 1985 deadl ine  f o r  t he  100-passenger t r a n s p o r t ,  a devel- 
opment program would r e q u i r e  i n i t i a t i o n  i n  1978, wi th  l abora to ry  
work and wh i r l  tests during 1 9 7 9  and 1980. The fuse lage  f o r  an 
intermediate  s i z e d  a i r c r a f t  would be s e l e c t e d  f r o m  t h e  e x i s t i n g  
inventory,  s i n c e  c r u i s e  performance would not  be c r i t i ca l  on t h e  
test-bed vehic le .  This phase would need to  be s t a r t e d  i n  1979 t o  
produce f l i g h t  da t a  by 1981. The o rde r ly  development of hardware 
i n  t h i s  t h i s  way and t h e  a c q u i s i t i o n  of  f l i g h t  experience w i l l  
provide a necessary background t o  f l y  commercially success fu l  
passenger t i l t - r o t o r  a i r c r a f t  by 1985. 

10. DESIGN DATA COMPARISONS 

The information generated as a r e s u l t  of t h e  design s t u d i e s  sum- 
marized i n  t h i s  r e p o r t  a l l o w s  several comparisons t o  be drawn. 
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The tandem-rotor h e l i c o p t e r  and t h e  VTOL and STOL t i l t - r o t o r  a i r -  
c r a f t  d i sp l ay  d i f f e r e n c e s  i n  s i z e ,  weight, performance, and 
economics which are func t ions  of t h e  i n t r i n s i c  p r o p e r t i e s  of t h e  
conf igura t ions .  The impact of noise  cr i ter ia  on t h e  veh ic l e  de- 
s igns  can also be summarized. The following d iscuss ion  provides  
a b r i e f  a n a l y s i s  of t h e  v e h i c l e  p r o p e r t i e s  and t h e  genera l  con- 
c lus ions  which may be drawn. 

The fundamental parameters used to  compare conf igura t ions  are 
weight, mission f u e l ,  and i n s t a l l e d  power. These data are com- 
pared i n  Figure 45 for a l l  of t h e  veh ic l e s  considered i n  t h i s  
study. The comparison of baseline a i r c r a f t  weights shows t h e  
tandem-rotor h e l i c o p t e r  t o  be t h e  l i g h t e s t  vehic le .  The VTOL 
t i l t - r o t o r  is  heavier  as a r e s u l t  of h igher  d i s c  loading and t h e  
a d d i t i o n a l  weight associated with the-wing s t r u c t u r e .  Designing 
t h e  t i l t - r o t o r  conf igu ra t ion  f o r  STOL a l l o w s  a l o w e r  i n s t a l l e d  
power and reduced rotor s i z e  which decrease t h e  gross weight t o  
almost t h e  tandem-rotor h e l i c o p t e r  l e v e l .  

The inf luence  of e x t e r n a l  no i se  cr i ter ia  expressed i n  t e r m s  of 
t he  perceived no i se  l e v e l  a t  t h e  152.4-meter (500-foot) s i d e l i n e  
d i s t a n c e  i s  apparent  from Figure 45. The reduct ion  i n  e x t e r n a l  
perceived noise  causes t h e  design gross  weight and weight empty to  
escalate. 

The wing weight pena l ty  pa id  by the  t i l t - r o t o r  conf igura t ions  
provides a payoff i n  c r u i s e  f l i g h t  and l i f t - t o -d rag  r a t i o ,  and 
t h i s  i s  r e f l e c t e d  i n  t h e  cornparison of mission f u e l  requirements.  
The t i l t - ro to r  v e h i c l e s  r e q u i r e  s i g n i f i c a n t l y  less f u e l  than t h e  
tandem-rotor h e l i c o p t e r s .  Designing f o r  STOL reduces the  tilt- 
r o t o r  f u e l  consumption by 25 percent .  The e f f e c t  of  i nc reas ing  
o r  decreasing noise  l e v e l s  is an inc rease  i n  t h e  mission f u e l  
required.  

The i n s t a l l e d  power i s  p r imar i ly  a func t ion  of d i s c  loading and 
thrust-to-weight r a t i o .  The tandem-rotor h e l i c o p t e r s  are designed 
a t  a d i s c  loading of 4 3 . 9  kg/m2 ( 9  l b / f t 2 )  compared with 73.2 
kg/m2 (15 l b / f t 2 )  f o r  t h e  VTOL t i l t - r o t o r s .  This d i f f e r e n c e  i s  
t h e  primary reason f o r  t h e  higher  i n s t a l l e d  power i n  t h e  tilt- 
r o t o r  case. The reduced thrust-to-weight r a t i o  of t h e  STOL a i r -  
c r a f t  r e s u l t i n g  f r o m  t h e  r e l a x a t i o n  of v e r t i c a l  l i f t  c o n s t r a i n t s  
r e s u l t s  i n  an i n s t a l l e d  power less than t h a t  of t h e  tandem-rotor 
he l i cop te r .  

The normal-rated-power c r u i s e  speeds and t h e  design mission block 
t i m e s  of t h e  a i rc raf t  are shown i n  Figure 46.  The l o w  drag and 
high propuls ive  e f f i c i e n c y  of t h e  t i l t - r o t o r  r e s u l t  i n  c r u i s e  
speed c a p a b i l i t y  approximately t w i c e  t h a t  of t h e  tandem-rotor 
h e l i c o p t e r s .  The reduct ion  i n  c r u i s e  speed of t h e  STOL t i l t - r o t o r  
as compared with t h e  VTOL design is  due t o  t h e  reduced i n s t a l l e d  
power. The block t i m e s  are ca l cu la t ed  over t h e  e n t i r e  mission, of 
which t h e  c r u i s e  segment i s  a l a r g e  p a r t .  The t i l t - r o t o r  speed 
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advantage r e s u l t s  i n  lower block t i m e s  than t h e  h e l i c o p t e r .  The 
STOL t i l t - r o t o r  has a s l i g h t l y  longer  block t i m e  than  t h e  VTOL 
design. The genera l  t r end  of speed c a p a b i l i t y  with e x t e r n a l  

111 



perceived noise  shows t h a t ,  f o r  both tandem-rotor and t i l t - r o t o r  
a i r c r a f t ,  reduced e x t e r n a l  no ise  co inc ides  wi th  higher  c r u i s e  
speed c a p a b i l i t y  and l o w e r  block t i m e s .  

The index of community acceptance o r  annoyance of a i r c r a f t  no ise  
i s  a f l u i d  and debateable  i s s u e  and one not  addressed i n  t h i s  
s tudy.  Two parameters have been used t o  provide a comparison of 
t h e  r e l a t i v e  m e r i t s  of t h e  conf igura t ions .  The perceived noise  

‘ l e v e l s  a t  t h e  152.4-meter (500-foot) s i d e l i n e  d i s t a n c e  i n  hover 
a r e  shown i n  Figure 47 f o r  t h e  VTOL a i r c r a f t .  The value shown 
f o r  t h e  STOL a i r c r a f t  i s  a t  s t a t i c  t h r u s t  a t  t h e  start  of t h e  
takeoff  r o l l .  The base l ine  h e l i c o p t e r  i s  approximately 6 PNdB 
less noisy than  t h e  base l ine  t i l t - r o t o r ;  t h i s  i s  l a r g e l y  due t o  
t h e  l o w e r  t ipspeed  and b lade  loading of t he  h e l i c o p t e r .  The STOL 
t i l t - r o t o r  has t h e  h ighes t  perceived noise  l e v e l  a t  s t a t i c  t h r u s t  
due t o  i t s  high t ipspeed  and low s o l i d i t y .  The noise  d e r i v a t i v e  
v e h i c l e s  a r e  by d e f i n i t i o n  +5 - PNdB from t h e  appropr ia te  b a s e l i n e  
a i r c r a f t . ,  

An a l t e r n a t e  index of community acceptance i s  t h e  a rea  exposed t o  
high noise  l e v e l s  on takeoff  and landing.  The a r e a s  wi th in  a 95 
PNdB contour a r e  shown f o r  both takeoff  and landing  i n  Figure 4 7 .  
The tandem-rotor h e l i c o p t e r  a f f e c t s  a much l a r g e r  a rea  (1.39 
square k i lometers ,  0.535 square m i l e s )  than t h e  VTOL t i l t - r o t o r  
a i r c r a f t  ( 0 . 3 9  square k i lometers ,  0.15 square m i l e s )  i n  t h e  land- 
ing  case  and i s  s l i g h t l y  b e t t e r  i n  t a k e o f f .  The STOL t i l t - r o t o r  
a f f e c t s  about t h e  same a r e a s  ( 0 . 3 6  square k i l o m e t e r s ,  0 . 1 4  square 
m i l e s  a s  t h e  VTOL t i l t - r o t o r .  These d a t a ,  however, demonstrate 
t h a t  t he  choice of index of community acceptance can r a d i c a l l y  
a f f e c t  t h e  comparison of conf igura t ions .  

The i n i t i a l  a c q u i s i t i o n  c o s t  of t h e  a i r c r a f t  i s  d i c t a t e d ,  t o  a 
l a r g e  e x t e n t ,  by t h e  veh ic l e  weight. These d a t a  a r e  compared i n  
Figure 4 8 .  These da t a  are based on a i r f rame costs of $90 l b ,  a s  
d i c t a t e d  by t h e  s tudy gu ide l ines .  The base l ine  t i l t - r o t o r  costs 
2 6  percent  more than t h e  base l ine  h e l i c o p t e r ,  while  t h e  STOL tilt- 
r o t o r  costs 11 percent  m o r e .  The no i se  d e r i v a t i v e  veh ic l e s  
e x h i b i t  an inc rease  i n  cost as noise  l e v e l  i s  reduced and a s l i g h t  
improvement a s  no ise  c r i t e r i a  i s  relaxed.  

D i r e c t  ope ra t ing  c o s t s  r eve r se  t h e  economic advantages of t h e  
h e l i c o p t e r ,  a s  shown i n  Figure 4 8 .  The speed and f u e l  advantage 
of t h e  t i l t - r o t o r s ,  shown i n  Figures 45 and 4 6 ,  have a g r e a t e r  
impact on d i r e c t  opera t ing  c o s t  than higher  a c q u i s i t i o n  c o s t .  The 
d i r e c t  ope ra t ing  c o s t  of t h e  base l ine  VTOL t i l t - r o t o r  i s  6 9  per- 
c e n t  of t h e  base l ine  h e l i c o p t e r  c o s t ,  while t h e  base l ine  STOL 
t i l t - r o t o r  d i r e c t  opera t ing  c o s t  is  62  percent  of t he  tandem-rotor 
h e l i c o p t e r  c o s t .  The STOL t i l t - r o t o r  d i r e c t  ope ra t ing  c o s t  i s  
reduced, r e l a t i v e  t o  t h e  VTOL t i l t - r o t o r ,  because of the  reduct ion  
i n  a i r c r a f t  weight and mission f u e l ,  which o f f s e t  t he  30-knot 
speed advantage of t he  VTOL veh ic l e .  
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D i r e c t  opera t ing  c o s t s  f o r  t h e  noise  d e r i v a t i v e  VTOL vehic les  show 
no economic advantage r e l a t i v e  to  t h e  base l ine  vehic les .  

The block speed of t h e  t h r e e  base l ine  a i r c r a f t  i s  shown i n  Figure 
49 f o r  mission ranges of 92.5 t o  740 ki lometers  (50 t o  400 naut i -  
cal  m i l e s ) .  Because the  t i m e  taken f o r  terminal  maneuvers i s  t h e  
s a m e  fo r  each a i r c r a f t ,  t h e  block speed of any given a i r c r a f t  
l a r g e l y  r e f l e c t s  i t s  c r u i s e  speed. Both STOL and VTOL t i l t - r o t o r  
a i r c r a f t  are much faster than t h e  tandem-rotor he l i cop te r .  The 
h e l i c o p t e r  loses less t i m e  during t h e  climb and descent  phases of 
t h e  mission than do t h e  t i l t - r o t o r s  because it c r u i s e s  a t  1524 
meters (5000 f e e t )  r a t h e r  than 4267  m e t e r  ( 1 4  000 f e e t ) .  A t  l a r g e  
values  of range t h e  bl.ock speed approaches t h e  c r u i s e  speed 
asymptot ical ly .  

Closely r e l a t e d  t o  t h e  block speed performance of t h e  a i r c r a f t  
is  t h e  d i r e c t  ope ra t ing  cost ,  which is  shown i n  Figure 50 as it 
var ies  with range. For each of t h e  base l ine  a i r c r a f t ,  two curves 
are shown represent ing  extreme combinations of a i r f rame c o s t ,  $90/  
l b  and $110/lb, wi th  u t i l i z a t i o n s  of 3500 and 2500 hours per  year .  
The comparison of t h e  veh ic l e s  f o r  cons tan t  u t i l i z a t i o n  is  b i a sed  
i n  favor  of t h e  slower a i r c r a f t .  I f  t h e  u t i l i z a t i o n  w e r e  def ined  
by block speed, t h e  f a s t e r  a i r c r a f t  would have a higher  u t i l i z a -  
t i o n  than t h e  slower one, and a l a r g e r  d i f f e r e n c e  i n  d i r e c t  oper- 
a t i n g  cost would r e s u l t .  For a l l  except t h e  very s h o r t e s t  range 
considered, t h e  tandem-rotor h e l i c o p t e r  has a much higher  d i r e c t  
opera t ing  c o s t  than  e i t h e r  of t h e  t i l t - r o t o r  conf igura t ions .  The 
STOL t i l t - r o t o r  is  s l i g h t l y  less expensive t o  ope ra t e  than t h e  
VTOL a i r c r a f t .  For ranges g r e a t e r  than t h e  design va lue  of 200 
n a u t i c a l  m i l e s ,  a modi f ica t ion  w a s  requi red  i n  o rde r  t o  maintain 
cons tan t  gross  weight. This cons i s t ed  of e x t r a  f u e l  tanks in- 
s t a l l e d  a t  t h e  expense of payload c a p a b i l i t y ,  thus  inc reas ing  t h e  
range c a p a b i l i t y .  The extended range of t h e  h e l i c o p t e r  i nc reases  
d i r e c t  opera t ion  cost, b u t  f o r  t h e  t i l t - ro to r s ,  t h e  d i r e c t  opera t -  
ing  c o s t  cont inues t o  decrease wi th  range (or  a t  w o r s t ,  remains 
c o n s t a n t ) .  

The f u e l  consumption of t h e  base l ine  a i r c r a f t  as a func t ion  of 
c r u i s e  speed i s  i l l u s t r a t e d  i n  Figure 51 for  each of t h e  t h r e e  
concepts. The f u e l  consumption is expressed i n  passenger m i l e s  
per  g a l l o n  of f u e l  used. I t  can be seen t h a t  both of t h e  tilt- 
rotor conf igura t ions  show a g r e a t e r  economy of f u e l  than does t h e  
h e l i c o p t e r ,  and i n  add i t ion ,  they f l y  much f a s t e r .  I t  should a l s o  
be noted t h a t ,  f o r  t h e  design condi t ion ,  t h e  c r u i s e  a l t i t u d e  w a s  
optimum f o r  each conf igura t ion .  The design p o i n t s  i nd ica t ed  on 
t h e  graph correspond to  t h e  maximum c r u i s e  speed wi th  t h e  c r u i s e  
power s e t t i n g  anc cruise rpm, and as such do not co inc ide  wi th  
optimum f u e l  consumption. I n  each case an improvement of about 
1 0  pe rcen t  can be achieved i n  f u e l  consumption by f l y i n g  t h e  
c r u i s e - p a r t  of t h e  mission a t  t h e  optimum speed. This would, 
however, impose a h igher  d i r e c t  opera t ing  c o s t  and l o w e r  produc- 
t i v i t y .  For any given c r u i s e  speed, t h e  STOL t i l t - ro to r  has by 
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f a r  t h e  b e s t  f u e l  economy by a margin of a t  least  1 0  passenger 
m i l e s  pe r  ga l lon .  By accept ing t h e  pena l ty  of 1 7  percent  in- 
creased d i r e c t  opera t ing  cost due to  c r u i s i n g  a t  t h e  speed for  
best' f u e l  consumption, an improvement f r o m  62.5 t o  68.8 passenger 
m i l e s  per  g a l l o n  could be achieved. The VTOL t i l t - r o t o r ' s  h igher  
f u e l  consumption is due t o  i t s  l a r g e r  gross weight, power, and 
drag. I n  add i t ion ,  a t  any given speed t h e  STOL t i l t - ro to r  oper- 
ates a t  a m o r e  nea r ly  optimum engine power f r a c t i o n  than does t h e  
VTOL . 
For t h e  design mission, Figure 52 shows t h e  f u e l  consumption of 
t h e  t h r e e  b a s e l i n e  a i r c r a f t  i n  comparison wi th  t h a t  of a s e l e c t i o n  
of convent ional  a i r p l a n e s  and he l i cop te r s .  Each a i r p l a n e  shows 
considerably b e t t e r  f u e l  economy than t h e  corresponding t r ends ;  
t h i s  is due i n  p a r t  t o  the  savings i n  weight (and, t he re fo re ,  drag 
and i n s t a l l e d  power) r e s u l t i n g  from t h e  use of 1980  technology i n  
t h e  a i r c ra f t  design. 

I n  Figure 53 t h e  p roduc t iv i ty  r a t i o  (payload t i m e s  block speed/ 
weight empty) is  shown f o r  t h e  base l ine  a i r c r a f t  as a func t ion  of 
range. Both of t h e  t i l t - ro tor  a i r c r a f t  are about 50 percent  m o r e  
product ive than t h e  b a s e l i n e  tandem-rotor h e l i c o p t e r  a t  t h e  design 
range. The d i f f e r e n c e  is due mainly t o  t h e i r  r e l a t i v e l y  higher  
speed. The STOL t i l t - r o t o r  i s  s l i g h t l y  m o r e  e f f e c t i v e  than t h e  
VTOL because i t s  empty weight is  lower. The lower speed of t h e  
STOL almost cance ls  o u t  t h e  e f f e c t  of t h e  reduced empty weight. 

11. CONCLUDING REMARKS 

The veh ic l e s  def ined i n  t h i s  s tudy a r e  p o t e n t i a l  competitors f o r  
t h e  short-haul  a i r  t r a f f i c  market of t h e  mid 1 9 8 0 ' s .  The increas-  
ing f r u s t r a t i o n  of t h e  a i r  t r a v e l l e r  with t h e  congestion a t  e x i s t -  
ing  a i r p o r t s ,  along with t h e  c u r r e n t  awareness of urban communi- 
t i es  i n  the  area of noise  p o l l u t i o n ,  must  u l t ima te ly  be m e t  by new 
concepts i n  a i r  t r a v e l  which provide t h e  opera tor  wi th  t h e  f l e x i -  
b i l i t y  necessary t o  m e e t  t h e  market requirements.  Rotary-wing 
a i r c r a f t  have t h e  p o t e n t i a l  for  providing such a so lu t ion .  

The tandem-rotor h e l i c o p t e r  has an advantage over t h e  m o r e  ad- 
vanced t i l t - ro tor  concept i n s o f a r  as it i s  l i g h t e r  and has a l o w e r  
a c q u i s i t i o n  cost. The preponderance of  experience with i n  t h e  
h e l i c o p t e r  i ndus t ry  makes t h e  development of t h i s  a i r c r a f t  a low 
r i s k ,  although technology improvements i n  t h e  f i e l d  of r i d e  qua l i -  
ties and v i b r a t i o n  must be found. 

The VTOL t i l t - r o t o r  would r e q u i r e  a more i n t e n s i v e  developmental 
program than t h e  h e l i c o p t e r ,  s i n c e  f l i g h t  hardware experience 
is  l imi ted .  The l a r g e  advantages of high speed, low f u e l  
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consumption, and low opera t ing  c o s t s  are extremely a t t r a c t i v e  and 
r e q u i r e  t h e  continued r e sea rch  and development of t h i s  concept t o  
provide l a r g e  s c a l e  f l i g h t  hardware expe r t i s e .  

The f u e l  economy of t h e  t i l t - r o t o r  v e h i c l e  can be f u r t h e r  improved 
by designing f o r  STOL opera t ion ;  however, t h i s  performance ga in  is  
a t  t h e  c o s t  of loss of VTOL f l e x i b i l i t y ,  and t h i s  t radeoff  must be 
made 'in a real is t ic  ope ra t iona l  environment. 

The p r a c t i c a l  cons ide ra t ions  of terminal  area opera t ion  need t o  be 
examined i n  some d e t a i l  t o  e s t a b l i s h  p r a c t i c a l  modes of approach 
and opera t ion .  I n  t h i s  r e s p e c t  an index of community acceptance 
t o  noise  p o l l u t i o n  needs d e f i n i t i o n  i n  order  t h a t  no ise  abatement 
groundrules may be considered. 

Boeing Ver to l  Company 
(a Divis ion of The Boeing Company) 
Boeing Center, P.O. Box 16858 
Phi lade lphia ,  Pennsylvania 19142 
February 3, 1975 
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